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PREFACE TO THE SERIES 


In the course of nearlj’ every pte^ram of research in organic chemistry 
the investigator finds it necessarj’ to use several of the better-known 
Simthetie reactions. To discover the optimum conditions for the appli- 
cation of even the most familiar one to a compound not previously 
subjected to the reaction often requires an extensive search of the liter- 
ature; even then a series of experiments may be necessarj’. A\Tien the 
results of the investigation are published, the synthesis, which may 
have required months of work, is usually described v> ithout comment. 
The background of knowledge and experience gained in the literature 
search and experimentation is thus lost to those who subsequently have 
occasion to apply the general method. The student of preparative or- 
ganic chemistry faces similar difficulties. The textbooks and labora- 
tory manuals furnish numerous examples of the application of various 
syntheses, but only rarely do they convey an accurate conception of the 
scope and usefulness of the processes. 

For many years American organic chemists have discussed these prob- 
lems. The plan of compiling critical discussions of the more important 
reactions thus was evolved. The volumes of Organic Rtaclions are col- 
lections of chapters each devoted to a single reaction, or a definite phase 
of a reaction, of wide applicability. The authors have had experience 
with the processes surveyed. The subjects are presented from the pre- 
parative viewpoint, and particular attention is given to limitations, in- 
terfering influences, effects of structure, and the selection of experimental 
techniques. Each chapter includes several detailed procedures illustrat- 
ing the significant modifications of the method. Most of these proce- 
dures have been found satisfactory by the author or one of the editors, 
but unlike those in Organic Syntheses they have not been subjected to 
careful testing in two or more laboratories. When all known examples 
of the reaction are not mentioned in the text, tables are given to list 
compounds which have been prepared by or subjected to the reaction. 
Every effort has been made to include in the tables all such compounds 
and references; however, because of the verj' nature of the reactions dis- 
cussed and their frequent use as one of the several steps of syntheses in 
which not all of the intermediates haw been isolated, some instances 
maj’ well have been missed. Nevertheless, the investigator will be able 
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to use the tables and their accompanjnng bibliograplues in place of most 
or all of the literature search so often required. 

Because of the s^'stematic arrangement of the material in the chapters 
and the entries in the tables, users of the books will be able to find in- 
formation de.sired by reference to the table of contents of the appropriate 
chapter. In the interest of economy- the entries in the indices have been 
kept to a minimum, and, in particular, the compounds listed in the tables 
are not repeated in the indices. 

The success of this publication, which will appear periodicalh', de- 
pends upon the cooperation of organic chemists and their willingness to 
devote time and effort to the preparation of the chapters. Thev* have 
manifested their interest alread3' bv- the almost unanimous acceptance 
of in\'itations to contribute to the work. The editors will welcome their 
continued interest and their suggestions for improvements in Organic 
Ecaciions. 
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INTRODUCTION 

The rearrangement of a ketoxime to the corresponding amide was 
discovered in 1886 bj- E. Beckmann^ and is kno\vn as the Beckmann 
rearrangement. The rearrangement is brought about by acids including 

^ Acid 

>OH >■ R'CONHR and/or RC0>:HR' 

E and E' = H, aryl, altyL 

Lewis acids. The more common rearranging agents are concentrated 
sulfunc acid, phosphorus pentachloride in ether, and Beckmann’s mixture, 
hydrogen chloride in a mixture of acetic acid and acetic anhydride. 

> Beckmann, Eer.. 19. 9SS (I85G); 20, 1507 (1SS7). 
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Pinco the discovery of the reaction, mimcrous puhlieatioiis have 
npjieare<l whiclideal «ith the inecliani<m of the react ion, tliedcfcrminat ion 
of the stercochcmicnl configurations of the oximes employe*!, and the 
synthetic applications of the reaction. The Iteckmnnn rearrangement is 
u«e<l frequently to determine the stmeture of ketones, by identification 
of the acid and amine olitaine<l by hydrolysis of the amide formed hy the 
rearrangement. 

Hiatt,* Jones,* and, more recently. Knunyants* have summarized the 
puhli'hed literature concerning the Pcckmann rearrangement up to 

lots. 

There is no uniform eonvention forthedesignation of the stereochemistry 
of oximes in the literature. In this review the following conventions are 
med: 

(fl) The configuration of a keloximc is referred to as gyn or anii when 
the hydroxyl group is ciJ or /mat. respectively, to the first group named 
following the prefix gyn or anti In the name of the compound. 

cn.ccii.cn, 

!! 

iro.\ 

ttm.Xethjl rihrl kctoxlms 

(i) Tlie configuration of nldoximcs w referred to ns gyn or anU to the 
hydrogen of the nidoxime. In the older literature nidoxime configurations 
are often referred to ns « {gyn) or fi (anti). 

c,n,cii 

II 

XOII 

nrn-n'nuljoxlme 

(c) The nomenclature used in the literature for designating the con- 
figurations of benzoin oximes, benzil oximes, and benzil dioximes has 
been retained. 

c.ii.cii— ccji, r.ii.cn cr,n* 

II II 

on Noir on hon 

s nenioln oiime fi B«n«an odim 

‘ Blatt. Chem Rtra . 12 . 213 fI9M). 

• Jones. Chtm Rrrt., 35, 335 (1944). 

* Knunyants snil Fabnchnyi. Kfc.m , 18 . «3S (1619) {C..4., 45, 6512 l\95i)). 
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NOH 
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CeHjCOCCeHs 

1 ! 

HON 

^•Benzil monoxime 

C5H5C CCtHs 

11 1 

NOH HON 

fi-Benzil dioxirae 


CeHsC — CCgHs 

li li 

HOX >'OH 

a-Benzil dioxime 
CeH^C CC^Hs 

li il 

HON HON 

y-Benzil dioxime 


STEREOCHEMISTRY OF THE REARRANGEMENT 

Two stereoisomerio forms of an aldoxime or an unsymmetrical ketoxime 
are possible. Therefore, theoretically, the Beckmann rearrangement may 
occur with either a stjn or an anti migration: 


0==CR' 

1 

RNH 


Anti 

< 

migration 


RCR' 


li 

NOH 


Syn 

>• 

irugralioTi 


RC=0 

i 

HNR' 


Beckmann assumed that the rearrangement occurs stereospecificaUy 
■with eyn migration, and the configurations assigned to the parent oximes 
up to about 1923 are based upon this assumption. In 1921 Meisenheimer 
carefully determined the configuration of ^-benzil monoxime and re- 
arranged the oxime ■with phosphorous pentachloride in ether.® Xo 


HX.C- 


-CC.H, 


0, 


HX.C- 


O 

II 

-CC,H, 


n 


N 


CC.Hs 


\o/ 


N CCeH^ 


O 


O 



CC.H, 


raj, ethtr 



CjHiNH O 


aq. XaOH 
y 


\ 


OH 


isomerization of the carbon-nitrogen bond occurred during the ozonolvsis 
of 3,-1,.5-triphcnylisoxazole. The product obtained from^he ozonolvsis, 
upon mild hydrolysis, yielded /9-benzil monoxime. The rearrangement 
of the oxime gave only benzoylformanilide. Therefore Meisenheimer 
concludc-d that rearrangement must proceed with anti migration. 

* S4^ 3209 (1921). 
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Wlicn other acids such a« Beckmann’s mixture/-’ sulfuric acid, or its 
s,dt.s*.»arc uses! ns rcnrranpmp agents, products stemming from a possible 
«yn and/or n>i/i migration are isuinted. The «i/n migration may be 
cxpl.'\ine<l by assuming that i'amerization of the oxime occurs prior to 
rearrangement. 


MF.CII.ANfS.Nf 

The mechnni-m of the Beckmann reafrangement consists essonfiallv 
of the formation of an clcetron-dcfieient nitrogen atom by the partial 
ionization of the oxygen-nitrogen l>nnd of the oxime w itii a simultaneous 
intramolecul.ir migration of the group anli to the departing hydroxyl 


R’CR RCR 

II . " - II 

NOH NOR, 

I tl 



m 


— OHj 


III 


RC®0H, .h® RCOH f 

tl * — =2 II + «<• 

R-N R'N 

IV V 


R^=0 

R-HH 

VI 


group. Bcarrnngcment of II and III proceeds essentially as an intra- 
molecular displacement, whereby K', if optically active, retains its optical 
activity.’®-” Thus the oxime of (+)-3-ethylheptan-2-one (VH) has 
been rearranged to furnish the Icvorotatorj- amide (\TII) The amide 
(VlII) also was obtained from (-f )-2-ethylhexanoic acid (IX) via the 
Hofmann degradation which is known to proceed with retention of 
configuration. (See ecpiation on p. 6.) 

The first product of the rearrangement is always an imine derivative 
(IV or V). which usually rearranges rapidly to the corresponding amide. 

• Brown, von Cuhek. anil Schmidt, -I. Am Ciem Soe , 77, 10D4 (1933) 

’ Smith, Btr.. 24, 4025 (1891). 

• von Auwera and Jordan, Btr , 68. M (1925). 

• Kauffmann. Ann , 344, 30 (1906) 

W Kenyon and Campbell, J. Chtm Sac., 1M6, 25. 

'• Kenyon end Young, J. Chrm Sot , 1941 , 263 . 
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CH3(CH,),CH(C,H,)C0,H '• ^ CH3(CH,),CH(C,H3)XH, 

(-f) rearrangement ^ ^ 

IX 


1. Acid 
bromide 


2 . Cd(CH 5)2 


Hydrolysis 


1. Oxime 

CH 3 (CH 3 ) 3 CH(C 3 H 3 )C 0 CH 3 £ 

( T ) rearrangement 

YU 


Acetylation 


> CH3(CHj)3CH(C3Hs)XHCOCH3 
(-) 

Till 


The presence of an imine intermediate in the rearrangement 'was 
demonstrated by Knhara, who showed that diphenjd ketoxime benzene- 
sulfonate (X) rearranged initially to X-phenylbenzimidobenzenesulfonate 
(XI), which in turn rearranged to X-benzenesulfomd benzarulide (XII).’^^ 

Hoom temp, 

CeHjCCeHj J- G^HjCOSOjCeHs -> CeH3C=0 

il li I 

>-0S03C3H3 CeH 3 XS 03 C,H 3 

X XI XII 


The existence of an imine intermediate was further indicated by the 
isolation of imine derivatives (XIII) formed by displacement of the 
sulfonyl ester bj’ strong nucleophilic agents,^® and by the formation of 


XI 


H 0 CH 3 


C 6 H 5 COCH 3 HOSO 2 C 6 H 5 

CsHsN 
Xffl 



xrv 



+ HOSO 2 C 6 HS 


tetrazoles in the presence of hydrazoie acidd^.i^ Tetrazoles (XVI) are 
not formed from oximes or amides except under the conditions of the 


Oil'-y nml Short. J. Chtm. Sor., 1948, 1514 

nX W ^ IC-A.. 46. 5003 (1952)]. 

I5ur»ve and Hcrli«t, J . Org. Chfrn., 20, 72C (1935). 
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Beckmann rearmnKcincnt.'* Other mieleophile-j which have been em- 
{iIo3‘c(l are phenol, primary and aecondaiy nniines, nn<l phenyl sulfaniide.*^ 
Chapman contrihiiteel piTafly to the rhicid.ition of electronic cfTects 
involvctl in the rearranpement of substituted henrophenonc oxime ethers 
(XVII).’* Xo acid eatnij'st was required to tiring about the rearrange- 
ment of XVII to XVIII. The rate of rearrangement increased with 

;i-XC,Tr,rt',n,V-;> ;»-Yr«H4C=0 

r - I 

XO(',JI,(XO,), j>-XC,IfjXC,II,(XO,), 

XVll .will 


increasing clcctron-suppljing power of X and was slightly increased by 
incrca«.«| electron-supplying |»ower of Y. x\n increase in the dielectric 
constant of the meiiiiim ni»iK-arc<l to augment the rate of rearrangement. 
Tliercfore Chapman concludeil that the rate-ileterinining step in the 
rc.irrangement must bo the |Ktrtial ionization of the nitrogen-oxygen bond 
of the oxime ether with Rimultaiieoiis migration of the ary) group anti to 
the picryl group.’* Furthermore, Kuhara had demonstrated earlier that 
the rates of rearrangement of a senes of esters of henzophenon© oxime in 
ehloroform were projiortional to the acid strength of the esterifying 
aeid.’b’* The ease <if rearrangement therefore increases with the dis- 
sociation constant of the estenfying acid. 

c,ii,so,fr > cirii,<'o,ii > (’,iijCO,» > cn.co.n 

Ilecause of the multitude of possible intermediates involved in the 
Beckmann rearrangement the rate-determining step of the rearrangement 
(I to VI) dojiends uimn the reaction temperature, the solvent, and the 
catalyst employed. In fact, two intermediates in the reaction sequence 
(I to VI) may rearrange with approximately equal rate.s and the deter- 
mination of the rate-determining step may become quite difficult. The 
rate determining step may precede the rearrangement (I to II), may 
proceed simultaneously with the migration of R' (II to HI), or may 
follow the rearrangement (III to VI) depending upon the oxime, acid, and 
other reaction conditions employed. 

The rate-determining process precedes the rearrangement when an 
oxonium salt (XX) is formed from a nitronium salt (XIX) The salt 

'♦ Chapman and Fi.ller. J. Chem. Soe . 193B. 448 

" Kuhara and Todo, Mm Cell Set , Kycto Imp. Ontv.i, 387 (1010) [C A . 5, 1278 (1911)]. 

'• Kuhara and Watanabc Mtm CoB-Sf . Aydo Imp . 8. 349 (1913) (C .d , 11, 579 
1017)] 

” Ilausrr and Hoffanberg. J Org. Oitm^ SO, 1482. 1491 (1055). Hoffenbarg and Hauser, 
'bul., £0, U96 (1955) 
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XIX must first rearrange to XX before undergoing the Beckmann 
rearrangement. Similar!}’, two t}'pes of antimony pentaehloride adducts 


BF3 

\e 

B' OH E' OH 

\ / \ / 

C=N© — C=X 


R 


/ 


/ 


B 


SBF, 

XIX 


XX 


(XXI and XXII) are formed with benzophenone oxime methyl ether.^® 
The adduct XXII is formed in concentrated solution from antimony 
pentaehloride and benzophenone oxime methyl ether. The adduct XXI 


rCjHs OCH,1 

\ / 

C=N© 



\ 

H 


XXI 


SbCh" 


XXII 


is formed in dilute solution under otherwise identical conditions and 
cannot be rearranged to benzanilide. These results appear to indicate 
that, while in dilute solution the stable nitronium adduct XXI is formed, 
in concentrated solution the corresponding oxonium salt is formed and 
rearranges rapidly to XXII. Other examples are the addition products 
(XXm and XXIV) formed by the reaction of antimony pentaehloride 
with chlorimines.-'^ 


B' CT 

\ e/ 

C==X 

/ \ 

B Sba^ 

© 

xxru 


K' Cl 

\ / \ 

C=N Sba^ 

/ 

E 

XXIV 


The rate-determining step of the rearrangement (I to VI) may be the 
formation of oxime imino ethers (XXVI),“ oxime anhydrides (XXVII),“ 

Tbeilacker, Gerstenkom, and Gniner, 5S3, 109 (1949). 

TheHacker, Angew Chem., 51, S34 (1938); Theilacker and Mohl, Ann., 563, 99 (1949). 

^ Chapman, J. Chem. Soc,, 1935, 1223. 

** Stephen and Staskun, J. Chem. Soc., 1956, 980. 
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or oxinie su]fon.ifes which rearrange rapidly after the 

oxime derivative is formed. 

Tlie occurrence of intcrraediatcs such as XXV'I and XXVII iras sug- 
gested by the strong catalytic effect of X-phenylbenzimidoyl chloride 

R' 

\ 

I + CICR' — OCR' ■+■ nci 

H / 8 

NR" R NR" 

XXV xxvr 



^OSO^ 

XXVHI 


upon the rearrangement of benzophenone oxime in etlier and b}’ the fact 
that one mole of a Lewis acid, such as phosphorus pentachloride. rearranges 
two moles of ketoxime to a mixture containing the corresponding amide 
and oxime imino ether in approximately the same amounts.**-*’ 

Ogata and others found that (he rate of rearrangement of ketoximes in 
sulfuric acid is first order and follows the Hammett acidity function (//j) 
lip to 05% of sulfuric acid.**-**-** They suggested tliat at low acid 
concentrations the concentration of XXVIII is low and that the 

•• Pearson end Eall.-T Or; CArm„ 14, IIS (1949) 

" Wichtrrlo and Rocpk. CArm twijf. 45. 257, 379 (1951) (0.4 . 46, 10809 (1952)]. 

« Ro«k and Brrgl. CArin. itr/y, 47. 472 (1953>(C.a . 48, 3S79 (1954)]. 

" Ogato. Okano. and Mateumoto.4 4m. CArm. Soc.. 77, 4843 (1955) 

» Sluitrr. Itfc. trav rAim.. 84, 373 (1905). 

*■ Hammrtt and IX-yrup, J. Am. Citm. See., 54, 2721 (1932). 
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rate-determining step may be the dissociation of III.-' At higher acid 
concentrations, the rearrangement is no longer dependent upon IJg and the 
rate-determining step appears to be exclusiveij'the formation ofXXVIII.^° 
If the formation of II is simple and without complication, II — >- III can 
be identified as the rate-determining .step. Rearrangement of oxime 
picrates^''^®'®^ and oxime tosylates®®-®' in nonpolar solvents proceeds 
without the formation of III as the slow sdep. The reaction products 
isolated are X-substituted amide.s, and the rearrangement of the imine 

intermediate IV (H of OH, is replaced bj- either 2,4,6-CcH2{X02)3 or 
P-CH3C5H4SO2) to is rapid compared to the transition II to III.®'’®* 
Recently the transition .state III for the Beckmann rearrangement was 
suggested.®®' 

Such a transition state (or transitory intermediate) is .similar to the 
phenonium ion occurring in anchimerically assi.sted rearrangements*® or 
the azacyclopropene ring .system isolated in the Xeber rearrangement.** 
The foUouing eridence argues for the formation of III as a transition 
state in the rate-determining step; the rate of rearrangement of a series 
of substituted and acetophenone oxime picrates in 1 , 4 -dichlorobutane 
depends strongly upon the nature of the p-substituent.*® The reaction 
constant, p, calculated from the Hammett plot** was found to be — 4 . 1 , 
which is comparable to the p values found for tj-pical electrophilic aromatic 
substitution reactions:*®-*® and the rate-determining step under these 
conditions appears to be the electrophilic attack of nitrogen on the benzene 
ring as described by III. 

Ortho substituents greatly increase the rate of rearrangement of sub- 
stituted acetophenone oximes (or picryl ethers) in relation to the corres- 
ponding meia or para substituents.*®"*®'** This efiect is attributed to the 

“ Huisgen, Angetr, Chem., 69, S-il (1957). 

Chapman and Howls, J. Ch€m, Soc., 1933, 80G. 

Chapman, J. Chem. Soc., 1934, 1550. 

Chapman, Chem, Ind., {Ijondon)^ 1935, 463. 

Huisgen, TJgi, Asse^mi, and Witte, Ann., 602, 127 (1957). 

^ Huisgen, Chimia (.Stril:.), 10, 266 (1956). 

** W. Z. Heidi, unpublished results. 

Heldt, J. Am. Chem. Soc., 80, 5S80, 5972 (195S). 

** Chapman, J. Ck^m. Soc., 1927, 1743, 

*• Pearson, Baxter, and Martin, Org. Cftcm., 17, 1511 {1952). 

Pearson and Cole, J. Org. Chem., 20, 4S8 (1955). 

CYam, J. Am. Chem. Soc., 74, 2137 (1952); Cram and Hatch, Hid., 75, 33 (1953). 

** AVin-Stein, Morse, Gnmwald, Schrefber, Corse, Marshall, James, Trifan, Brown, Schle- 
singer, and Ingraham, J. Atti. Chem. Soc., 74, 1113-1164 (1952). 

“ Huisgen, Witte, Walz, and Jira, Ann. 604, 191 (1957). 

Hammett, Physical Organic CkcmUiry, p. 1S4, AIcGraw-Hill, Xew Yorh, 1940. 

Koberts, Sanford, Sixma, Cerfontain, and Zagt, J. Am. Chtm. S'oe., 76, 4525 (1954). 

Kuivila and Benjamin, J. Am. Cftem. Soc., 77, 4S34 (1955). 

** Pearson and AVatts, J. Org. Chem., 20, 494 (1955). 
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stcric interaction between the or/Ao>substituted ring and the oxime group, 
resulting in the loss of coplanarity of the latter with the benzene ring. 



The orlko substituent increases the potential energy of the oxime because 
of the partial loss of resonance stabilization; the oxime resembles the 
transition state where the azacyclopropene ring is perpendicular to the 
benzene ring system. The electronic effect of the ortho substituent 
appears to contribute only slightly to this increase of the rate of 
rearrangement.” 

The oriho efiect accounts for the spontaneous rearrangement of di -ortho- 
substituted acetophenone oximes when treated with hydroxylnmine 
hj’drocliloride.**-*^ 

The steric requirements for this transition state III were nicely 
demonstrated in the benzcyclonlkanone oxime sj-stem.” The stereo- 
chemistrj’ of XXX requires that the methylene group attached to the 



phenyl group and the one attached to the azacyclopropene ring be in the 
planes of the respective rings, which in turn are perpendicular to each 
other. This requirement is fulfilled without straining the molecule only 
if n is eight or more in XXX. 

The sequence of rate constants for the anti form of XXIX represented 
in the table on p. 12 indicates that the formation of an azacyclopropene 
ring system in the transition slate (or transitory intermediate) appears 
to be correct. 

The table also indicates the relative rates of aryl versus alkyl migration. 

•• Ilui’gen. W itte, and Jira, Chtm Btr 90, 1S50 (1957) 

” Kadesch. Am. Chrm Sec.. 68, 1S07 (1944) 

» Keith and Davies. 24, 3S4S (1S91) 

»» Chichibabin, Bull see chim Fmnet. [4] 51. 1436 (19J») 

“ Pearson and Greer. J rim CAem See . 77, 6649 (MSS) 

“ Huisgen. Witte, and Ugi. Cilem. Ber . 90 , 1844 (1957) 
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Bates of Bearrajcgemext of Bexzcyloalkaxoke Oxijie Picrte 
Ethers XXX ix 1,-1-Dichlorobutaxe^’ 


Configuration n 

Anii 5 

Anli 6 

Anii 7 

Anli 8 

Syn 7 

Syn 8 


ki X 10* sec“* (at 70°) 

Too slow to be measured 
< 0.02 
1,805 
429,000 
0.43 
2.96 


The anti form of XXIX, with n = 8, rearranges 140,000 times faster 
than the corresponding sy7i form. Contrariwise, the rate of rearrange- 
ment of acetophenone oxime pici^d ether (arjd migration) is only 3.4 times 
faster than the rate of rearrangement of cyclopentadecanone oxime 
picryl ether (alkyl migration). Whereas, in acetophenone oxime, the 
oxime double bond is conjugated with the benzene ring, such an effect is 
much diminished in XXIX where n = 8. The S3’-stem present in XXIX 
therefore appears to give a better picture of alkyl versus aryl migration 
than the acetophenone oxime system.®® In almost all investigations 
reported in the literature, the rate-determining step is either I — 11 or 
n —*■ ni. Onlj^ in one case, the acetol3'sis of cyclopentanone oxime 
p-toluenesulfonate, did the rate-determining step appear to follow JU. 
The slow step in this reaction appears to be the solvolysis of the ion 
pair in (OH2 = OTs).®’ 

The reaction medium profoundl3’^ influences the products and the rate 
of rearrangement. A recent study of the products formed from a number 
of cyclohexanone oxime esters hi aqueous solution shows that three classes 
of oxime esters 5ielding different products may be distinguished:®* 

(а) Oxime esters which hydrotyze in dilute acids or bases to regenerate 
the oxime and the acid. Esters of cyclohexanone oxime derived from 
acetic, butyric, oxalic, sulfuric, dithionic, and o-toluenesulfonic acids fall 
in this group. 

(б) Oxime esters which in dilute acidic or basic solution generate 
undetermined peroxy compounds or perhaps nitrogen oxides. Ch-clo- 
hexanone oxime benzoate and anh3-dride belong in this group. 

(c) Oxime ester.s which undergo the Beckmann rearrangement. Cyclo- 
hexanone oxime benzenesulfonate, /?-naphthalenesulfonate, p-toluene- 
sulfonate, and picrx'l ether are in this group. The rate of rearrangement 
in this group decreases in the following sequence; 

CjH.SO; > ^-C,oH4;0, > p-CHjC.HjSO, > 2,4,6-(0,X)3CsH. 

“ Csuros, Zech, Dely, and Zalay, Acta Chim . Acad . Set . Rtxng ., 1, 66 (1951) \ CJL ., 46 
5003 (1952)]. 
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The yield of t-caprolactam produced from this group of esters was 
independent of the csterifying group. The same results were obtained in 
10% aqueous sulfuric acid solution and 10% sodium hydroxide solution. 
The yields were in the range 75-80%. 

The rate of rearrangement of piciyl ethers of benzophenone oxime in 
various solvents decreases in the following order;*’- ** 

CIIjCN > CUjNOj > (CHjljCO > C,IIjCt > nonpolar solvents 

Therefore the rate of rearrangement is roughlj* proportional to the 
dielectric constant of the solvent. Since the rate-determining step in the 
rearrangement of an oxime picrale involves the partial ionization of the 
nitrogen-oxj-gen bond of the oxime,'* it is probably the ionizing power of 
the solvent rather than the diefecfric constant which determines the rate 
of rearrangement. Similarly, the rale of rearrangement of cyclohexanone 
oxime with sulfur trioxide u faster In sulfuric acid** than in nonpolar 
solvents such as carbon disulfide or chlorinated hydrocarbons.**-” 
Solvents of high nucleophilic power, such as water, amines, or alcohols, 
both increase the rate of rearrangement and compete for the imine 
intermediate.**-** The second effect arrests the reaction at the imine 
stage as indicated by the following equations.** 

\sOjCjHg / W)jC«Hj 



+ CbHsSOjH 

R 

The ability of tlie solvent to interact with the intermediate probably 
increases with the nucleophilic power of the solvent.'*-** Solvolysis of 
ketoxime sulfonates is used extensively as a preparative method for 
imines.** Furthermore, several other reactions niaj- be promoted 
selectivelj- by different solvents. Cyclohexanone oxime sulfonate is 
probably an intermediate formed in the rearrangement of cyclohexanone 

Ciltfrn nnd \\>Ix (Co Facbonfabnkrn BM^r). G«r pat appt F 11.979 (1954) 

•• Wie-litcrlo (Ch«miclc6 Zo^odj ), U S. pat 5.573,374 (1951) [C.J , 48, 7595 (1952);. 

•’ Blaacr and Ti9chber»k (to H«nkel and Cm GmbH k Gar. pat appl H 9.265 and 
H 8,640 (1951). 

“ Alhorton, Morrison, Crorojlo. Kenner, Todd, and Webb, CArm. a- Ind (London). 1955, 

1183. 
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oxime in sulfuric acid.-* Wren cyclohexanone oxime wa.s rearranged in 
sulfuric acid, a trace (I X lO'"* mole) of octahvdrophenazinc was formed.^® 
Rearrangement of cyclohexanone oxime sulfonate in aqueous dioxane 
increased the yield of octahydrophcnazinc to 7%."’ Perhaps the forma- 
tion of octahydrophenazinc proceeds in a manner analogous to the Xeber 
rearrangement.®* Similarly, a trace of aniline, 0.1 mole per cent, was 

R'CH^CR „ R'CH— ;CR R'CH CR 

'll — V I II 

NOSO3H ” NHo O 



isolated from the Beckmann rearrangement of the same oxime in con- 
centrated sulfuric acid,®® the source possibh- being a little-understood 
aromatization reaction of cyclic ketoximes.®®- 

SCOPE AND LIMITATIONS 

Under the proper conditions, most oximes will undergo the normal 
Beckmann rearrangement to yield an amide or a mixture of amides. 
The generalit}- of the reaction makes it difficult to consider the scope and 
limitations other than by noting specific instances where the normal 
products were not obtained or where oximes were rearranged under 
imusual conditions. 

Aliphatic Ketoximes 

The Beckmann rearrangement has been applied to a n-ide variety of 
aliphatic ketoximes employing man 3 ’ different acidic materiaLs as catalj-sts. 

CatalvsC 

RGB' HCONHB' and/or R'COXHR 

i' 

NOH 

where catalyst = POs;** B = CH,, B' = n-CjH,, n-C.H,, n-CjHu, n-C,Hu: B = n-C,H„ B' 

= B = CjH,, B' = n-C,H;. Yields range from 70 to StSi,. 

where catalyst = HjSO,;".^ B = CH„ B' = CH,. n-C,H„ n-C,H„; B = C,Hi, E' = n-CjH,. 

Yields range from 85 to 300%. 

' -where catalyst *= E. — CHj, R' =* C,HiCHj. Yield is 50%. 

** Schaffler and Ziegenbein, Chem. 88, 767 (l9oo). 

® Smith, J, Am. Cfiem. Soc.t 70, 323 (1946). 

Hatch and Cram, J. Am. Chem. Soc., 75, 38 (1952). 

** Beringer and Tjgelow, J. Am. Chem.Soc^ 75, 2635 (1953). 

“ Homing, Chem. Bevs.^ 33, 89 (1943). 
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One of the more unusual catalysts is metallic copper. Products that 
result from the rearrangement of dibenzyl ketoxime (XXXI) followed by 
reduction, dehydration, nnd/or hydrolysis of the rearrangement products 
were formed when the gaseous oxime was passed orer copper at 200“ in 
the presence of hydrogen.**.*^ When acetoxime was subjected to the 

{C,n5Ciij),c=Non 

XXXI Cu, H, 

C.IIjCHjCO.n + C,IIsCH,CONn, + C.HjCHjCN 

same conditions, only reduction and hydrolj-sis of the oxime occurred.** 
An attempted rearrangement of the cuprous chloride complex of ace- 
toxime gave inconclusive results.** 

Catnl}-sis of the rearrangement is often quite specific. Phosphorus 
pentachloride rearranges dibenzalacetone oxime (XXXII) to X-styryl- 
cinnamamide, but concentrated sulfuric acid causes cyclization to the 


(CaH5CH=CH)jC=N0H 

xxxn 



C»HjCH=CHCONHCH=CHCgH, 


HsCgj j 


HON 

C6H5CH=CHCCH| 

XXXIV 



CgHjCH— CHCONHCHs 



isoxazohne XXXIII.'* #yn-Banzalacetone oxime (XXXIV) behaves 
similarly under identical conditions This behavior is fairly general for 
oximes of «,^-unsaturated ketones. **• ™ 

Many abnormal products of the Beckmann rearrangement arise from 
dehydration or analogous reactions Ethyl a.x-dibenzjlacetoacetate 
oxime loses a molecule of ethanol to yield the isoxazolone (XXXV) 

♦« McLoren and Schachal, J Org Chtm , H, 254 (1949) 
jrrf.W-t, -4 m. sis , J7J 

“ Yamaguchi. Dull. Cktn Sm Japan. t,3S (1928) [C . gl, 75 (1927)] 

" Yamsguc).!, Dull. Chem Soc Japan.l, 54 (1926) [C -4 . gj, 75 (1927)] 

" Comatoclc, Am. Chtm J , 19, 484 (1897) 

*■ von Auuvra and llrinlt, J prall Ckan., [2) 133. 154 (1932) 

” Blatt and Stone, J. Am Chcm.Soc , 53, 1133. 4134 (1931) 

” Fallen, CompI ren<t . 227, SIO (1948). 
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CH3CC(CHX6H5).C0-,C,H5 
* » - - - 

HON 


6S5 

HjSOj 


(C6HsCH2)2 


□ 



SXX\’ 


The oxime of X-/3-toly]mesoxalaniide (XXX\T) gives X-jJ-tolyleyano- 
formamide when treated with phosphorus pentachloride.'- 


H.NCOCCONHCjHjCHj-p ■ - ‘^ - V NCCONHC^H.CHj-p -t- NH, -f- CO. 

xther 

XOH 

xxsn 

Oximes of x-keto acids decarboxylate and dehydrate successiveU" to form 
nitriles'^- as shown in the following equation: 

Catslvst 

RCCO.H ^KCN -t- CO. -f H.O 

NOH 

n = CHt, aHj. i-C-Mr, HO.C<CH.V HO.O:CH.>,. 

Catalys-. ^ CHjCOa; (CH3C0).0; BUSO,. 

6-3IethTl-5-hepten-2-one oxime yields the dihydropyridine XXXYH 
when treated with phosphorus pentomde.'^ Similarly, oximes {XXX\ 111, 


(CH3),C=CHCH2CH2CCH- - CH,CONHCH;CH2CH=C<CHsV2 

NOH 



XXXIX, XLI) containing an aryl gronp on the carbon atom ^ to the 
oxiinino group yield isoqninoline derivatives when treated with phosnhorus 
pentoxide or phosphorus pentachloride.'^'- 

~ Tlairrr.F.z^ WHlJej-, Chtn. Sx-, 125, SS7 <19241. 

^ Bcr^ 33, 37° n9C‘j). 

LceCT^ri. TrrrriOB, iSj 31, 1035 

WaEs.". Ann- 319, 77 {IMl). 

•' Golds^l:r=Hr, 2S, SIS {1S95). 

“ Kgzi.er.snn £=d Bodseric, Btr^ 43, 675 {19I6J. 

-Whkhy s-d Gcvfcdaiisr':, in Aiiass, Or^nir BtiBi'c-r./, Vcl. XT, p. 77, IXlfex i 
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XXXK XL 


CH30[<^=^^'^CHiCH2CCH, 

CHaoU^^ 


CHaOr 

CHaol 


Aliphatic Aromatic Ketoximes 

The Beckmann rearrangement of acetophenone and related oximes has 
been studied extensively The rearrangement products formed from this 
type of oxime are anilides, benzamides, or mixtures of the two. The 
anilide is the product isolated in most of the recorded reactions The 

CHjCAt Cn,CONHi\r and/or ArCONIICU, 

NOII 

Cnuijst - iiF, i!F„ cir.eoca. son,. cfjcOjU, pci,, c.ii.so.ci, h,so, 

Ar — C,H„p ClIjOC,!!,, P-CIIAtH,, raesMfl, 2 naphlh>l, p xenyl 



18 


ORGAXIC REACTIONS 


rearrangement has been eficcted with a large number of catalysts.'®- 
Even catalysts like copper®' or Japane.sc acid earth®' w'll rearrange 
acetophenone oxime. 


Ca, II., 200’ 


C,H.CO,n -f C.UjCN 


cn,cc.ii,< 

I; 

HON 


^ CJI.CO.H 

earth, ISO’ 


CHjCO.H, CjHiNH., CjHsCN, 

cjljCOCH, -h CHjCONHCjHj 


Sulfuric acid i.s not a good cataly.st if the arjd group is substituted with 
an alkoxyl group.®' 

pni 


HON 


V.VrCH=CHCONH.Vr' 


.:VrCH==CHC-\r'< 


H,S0, 

— >-Sulfoiiation products 


Ar =. C,Uj. o-Cn,OC.n„ m-CHjOC,U,; Ar" = C,H„ t^CHiOC.H,, m-Cn,0C,H,. 


Products which appear to have been formed as a result of the Beckmann 
rearrangement have been obtained by reflu.xing ether solutions of lithium 
aluminum hydride and certain substituted acetophenone oximes.®®- ®® 

ArCCH, - ^ —4 [^VrNHCOCH;] — cVrNHC.Hs ArCH{NH.)CH, 

ii ** Zther 

I! 15-^0% 4-50% 

NOH 

Ai = C,H„ p-XC,H,(X = F, a, Br, I). p-CH,OC,H„ 


A number of investigators have ob.served the spontaneous rearrange- 
ment of di-o-methyl-substituted acetophenone oximes when the parent 
ketones were treated 'with h^'droxylamine salts.'*®"'- As discussed earlier 
on p. 11, an explanation of these observations may be that the ortho- 
substituent decreases coplanaritv of the oximino side chain with the 

BacKmaim and Barton, «/. Orff. Chem^ 3, 300 (1938). 

Stephen and Bleloch, J. Chtm. Soc., 1931, 886. 

Beckmann and AVegerhoff, .Ann., 252, 1, 11 (18S9). 

“ Huber (to du Pont), ir.S. pat. 2,721,199 (1955) 50, 10762 (1956)]. 

Hudlicky, CoUeciion Czecho^loc. Chem. Commune., 13-17, 611 (1951-1952) 47, 

8012 (1953)]. 

Swaminathan. Science and Culture (Calnitta), 12, 199 (1940) 41, 2402 (1947)]. 

Tamaguchi, Mem. Coll. Sci., Kyoto Imp. Hntr., 7A, 2S1 (1924) [C^., 18, 2SS0 (1924)3- 
** Inoue, Bull. eoc. ehim. Japan, 1, 177 (1926) [C..C1-, 21, 892 (1927)3- 

von Auwers and Brink, Ann., 493, 218 (1932). 

Larsson, Sueneh. Kern. Tidel-r., 61, 242 (1949) (C-A., 44, 1898 (1950).] 

** Lyle and Troscianiec, J. Org. Chem., 20, 1757 (1955). 
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CH, CH, 

R = n or CB, 


aromatic ring.®* Therefore resonance stabilization of the oxime is 
impeded and the rearrangement proceeds at an abnormally liigh rate. 

a,^-Unsatitrated ketoximcs yield isosazolines with sulfuric acid’® as do 
similar compounds discussed in the aliphatic series.** However, ring 
formation did not occur under similar conditions with the oxime of 
a-broniohenzal-p-bromoacetophenone.’* 


HON 

(C,HsljC«CHCC«Hi< 


(C6Hj)jC=CHCONHCgH5 


(C«Hs )2 



HON 

II 

C«HsCH«CHCC«H,Br-p 


CHj— CC9H4Br.p 

HjCsCH^ 


The formation of amidines was observed when aliphatic aromatic 
ketoximes were rearranged by treatment with thionyl chloride in ether.** 


NOII , 


‘ son, 

ArCIl 

- cii„ c,n^ •• r,n-. c,u, 


^NAf 

RCONUAr + RC 

\\flAr 

Ar - C,H,. p-CH,C,H, 


Certain acetophenone oximes contamuig a tertiary «-carbon atom form 
olefins and benzonitrile on treatment with thionyl clilonde.*® 


NOH 

B son, 

(ClljhCtC.lIslCC.IIj > 


cn,=C(Cii,)C,nj + c.HsCN 


C,IIj 

I 


HON 

•• l.>le»nij J. Org 


IION 


. 18, loss «19S3). 





TJIE BECKSIANX REARRAXGEWEXT 


21 


Diary] Ketoximes 

In general, diaryl ketoximes can be rearranged easily with the common 
catalysts to yield an amide or mixture of amides.** ”■ **"’“* 

(c,ii,),c=:Xou c,u,coxnc,ns 

7ft-100% 

Caui»»t - iiF.iic>,HBr,ir,ro,.p.o^ro4. cn,coa 
pa, 

ArCAt* >• AtCON’IIAr' and/or Ar COXIlAr 

If 

xoir 

Af - C,K,. 

aj* - r-ar,it„ o-nrc,ir,.f-xo,c,ii..«-noc,ii„}^H,oc,Tr4 , 8-h,xc,h„ 

X>-CH,C.1I,. l-rhfMnihrjt 

A number of unusual cntalj-sts have been employed in the rearrange- 
ment of diarj’l kotoximes; for e.xample, benzophenone oxime was con. 
verted to benzanilidc by the chlorides of K, Mg. Li, Hg. Fe(III), and Al, 
though their sulfates, hydroxides, and oxides were ineffective.** Chloral 
will rearrange benzophenone oxime hydrochloride to benzanilide.*®* 

Thiobenzanilidc was obtained from benzophenone oxime, phosphorus 
pentasulfidc being used as a rearrangement eatnIyst.*•^^®* tVTien a 
mixture of phosphorus pentasullide and phosphorus pentoxide was 
employed, the intermediate XLVI was Isolat^."”* 



*' Bachmann and Baatnar, J Am Chm. Sae„ 58, S007 (1936) 

•’ Hanlzch, Der., 24, 13 (1891). 

•• sieiaenheimar and Happier. Ann . 539, 99 (1939) 

•• B«kmann and Bark, J. prall Clum . [2] 105, 327 (1923) 

Beckmann. Bit , 20, 2S80 (1997). 

'»» Meisenheimer and Jleis, Btr . 67, 289 (1924) 

Lehmann, An^iw. Chfm., 38, 360 (1923) 

Kardoa, Bee . 48, 2089 (1913) 

Simona, Archer, and Randall. J Am. Chem Soc . 82, 495 (1010) 

.Kuiiaj-a fO)d JfaAnnabcv. ,U«m. Cott Sa . A>)A» /dtp Uitiv . 1SD8-1907, SS4 [C.A . 1, 
2893 (1907)] 

Kuhara. Agatauma, and Araki. Mfm Call. So . Kyoto Imp fmv . 3, No 1. 1 (1917) 


[C-1.. IS, 119 (1919)]. 

*»’ Dodge, Ann , 264, 18* (1891), Ciusa, AHt nalt geeatf iincet, (5] 15, H, 379 (1906) 


(CAem. Ben(r , 1907, 1, 28). 

>■“ Kuhara and Kashima. Mtm. CoIL So.. Kyoto Imp Vmxv . 4. 69 (1919) (C.A . 15. 69 


(1831)]. 
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Spontaneous formation of the amides obtainable by rean-angement 
of the oximes of 2,2’,4'-trimethylben7.oplicnone oxime and 2,4,G-tri- 
inethylbcnKophenone oxime was observed when the parent ketones were 
heated with an aqueous solution of hj’droxjdamine hydrochloride.’' The 
previously cited c.xplanntions (p. 11) for .similar phenomena also may 


ArCAr' 


li 

O 


xn.on.nci, ii,o 
120 ’ 


V ^trCONHAr' + Ar'CONHAr 


Ar ■= Ar' ■= incsitjl; Ar o-tolyl, Ar' e.HCnjIiC.Hj. 


apply here.’’- 4,4'-Bis(dimethylaniino)ben7.ophenone (Michler’s ketone) 
also undergoes spontaneous rearrangement when treated with hydro.xj'1- 
amine hj’drochloride.’°® 

The aromatic ketoximes sometimes yield products resulting from the 
reaction of the catalj'st uith the oxime or amide. For e.xample, acetanilide 
was isolated from the rearrangement of benzophenone oxime with acetic 
anhydride.”"’ The chlorine-containing products XLVJI and, perhaps, 
XL'\'III have been is-olated from the rearrangement of 2-nitrofluorenone 
oxime with phosphorus penta chloride.’”’ On further reaction both 
XLYII and XLVIII gave only the phenanthridone XLIX. More recent 
work has indicated that both XLVIII and its isomer L can be isolated 



Morin, Warner, and Poirier, J^. Orff. Chem., 21, 616 (1956). 
Moore and Huntress, J. Am. Chem. Soc., 49, 2618 (1927). 
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from the reaction of 2-nitroflanrenone o\imc vith phosphorus penta- 
chloride and phosplionis oxychloride.*** 


a 


NO; 


Phosphorus pcntnchloride was the only catalyst with which intermediate 
products could be isolated from p-chlorobcnzophenone oxime.** Con- 
centrated sulfuric acid and Beckmann’s mixture both yielded only 
p-chlorobenznnilidc. 

— >. C,II,C{Cl>«=NC,ll4Cl.;> 


— > C,UeCONIIC,n,Cl-p 

The formation of these chlorine-containing products might be rationalized 
in the following manner. 


XOH 

II 

p-cic,ir,cc,u, 



Phonphorui 

.CAr 

Ar- ' II 


ArC NAr 

NOH 

nS 




‘ Nunn. Schofield, and Theobald. J Chan fioe , 1952, 8797. 
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Some of the products obtained from the reaction of Grignard reagents 
•\rith oximes may have been formed as the result of a Beckmann re- 
arrangementd^^’ 


(CoHs)„C=XOH 


CU^Mglor 

CjirsMgl 


[CeH.COXHC.Hsl ■ 


)R + CcHsXHj 
CHj or CjHj 


Amidines occur as by-products of the rearrangement of diaryl 
ketoximes.®® Benzophenone oxime and ^-ethoxybenzophenone oxime 
both yielded amidines as well as amides when treated with thionjd 
chloride. 


(CeH,)jC=XOH- 


yN'CoHs 

C.H,C 


Nx-hc.h. 


p-CjHjOC.H.CC.Hs - 


-^j-C.HjOCjH.COXHCeHs + C,HsCOXHCtH,OCjHi-p 


^XC,H, yXC.H.OC-Hj-j) 

ji-CjHjOCjHjC 4- C^HjC 

\xHC,Hs ^XHCeH,— OCjHs-p 

anti-2-Hydroxybenzophenone oxime (LIII) pelded 2-phenylbenzox- 
azole, possibly due to dehj'dration of the amide formed by the rearrange- 
ment.i*^ The syn-oxime (LR’) jdelded the arulide of salicylic acid. In 




Grammaticakis, Compt, rend., 210» 716 (1940). 

Hoch. Com-pt. rend., 203, 799 (193G), 

Kohler and Bruce, J. Am. Chem. Soc^ 53, 1569 (1931). 
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an analogous reaction, 2>phon3’l)>enzimidazole (LV) was obtained from 
2-ammobenzophcnono oxime.*** The formation of benzoxnzoles or 
benzimidazoles from nn/i-2-lijxlroXy or 2'amtno aryl ketoximcs, respec* 
tively, is n general reaction;*** n rationalization of the reaction has been 
suggested. The «^n-oxime.s give the normal rearrangement products.*** 
Phthnlanilide |LVI) can be prepared from 2-carboxybenzophenone 
oxime.*®' 



Under the conditions of the Beckmann rearrangement, oximes of 
l*aroylnnthrnquinone3 (LVII) yield pert'-benzoylene-O-morphan* 
thridones.**’”**’ 


o o 



O C=NOH N'OIl epAr 


Ar 

IVii O 



Ar 


Ar - C,n„ p-CUjC.JIfc 2.4- «iiil 2XCU,),C,n,. 2,«,(5.(Cn,),C,U, 
Catalyst - H,SO„ CH,CO,H, KI, HCL 


von Auwora and Jordan, J7sr., 57, SOO (1924). 
Blatt, J. Orj. Chtm . 20, 591 (1955) 

Scholl, Semp, and Stix, Jiee , 64, 71 (1931) 

•*' Scholl. Stcphani, and Stix, Btr , 64, 315 (1931). 
»• Scholl. Mueller, and Donat, .ffer, 64. 639 (1931) 
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The Beckmann rearrangement of certain 2-methj'l-l-aroj-lanthra- 
quinones (L^^II) j’ields l-carboxy- 2 -meth 5 danthraquinone carboxylic 
acids rather than peri-benzoylene-9-morphanthridones. 



Alicyclic Ketoximes 

Alicyclic ketoximes rearrange to yield lactams. 


'CHK 


(qi2)„ 


Catalyst 




'-^C=NOH 

The reaction is rerv general for rings of all size: 


and/or 



g 57, S2, B3, 120-129 



50-100% 


Wh?re /j * 3, catalyst * HF, HjSO„ H,PO,-P.Os. 

VThere n = 4, catalyst * HF, XaHSO|,’cFjCO,H, SO,, SOC^ 

Where n 5. catalyst = HF, H.FO„ SOj. 

Where n = 6, catalyst *= H^O|. 

Where n = 13, catalyst »= HjSOj. 


(To T. G. Farben). Ger. pat. appL, I 63,377 (193S), 

’** Novotny, V.S. pat. 2.579,551 (1951). 

Ruzicka, Goldberg. Hurbin, and Boeckenoogen, Selr. CAtm. Ado, 16, 1323 (1933). 

js3-j» p 27.) 
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The rearrangement of cyclohexanone oxime to €*capro!actam, which is 
typical of the entire alicj’clic series, has been studied in great detail and 
thus serves as a very broad standard of comparison for the other alicyclic 
ketoximes. 

Cyclohexanone oxime rearranges to <-caproIactam under almost any 
conditions known to effect the Beckmann transformation. The most 
common catalyst is sulfuric acid, but the use of this reagent is subject to 
certain difficulties. The jield of c-caprolactam at a given temperature 
is dependent upon the strength of the acid employed.^*® At 100°, 97.5% 
acid gave an 83.4% yield of the lactam. The yield of the lactam gradually 
diminished to C4.5% as the acid strength was lowered to 85%. The loss 
of product w as accounted for by hydrolysis of the oxime to cyclohexanone. 
Silicon dioxide was present In the reaction mixture as an accelerator and 
to absorb water. 

The temperature at which the rearrangement is carried out is also 
important. With 80-85% sulfuric acid as a catalyst the yield of 
c»enprolactam was 75% at 120°. 93% at 140°, and 85% at 160*.”* The 
temperature of the usually highly exothermic reaction can be easily 
controlled by using the proper solvent,*** *’•'”•***■’•* additives, ***““* or 
equipnient.i*^-”* 

Homing >nd Strombrrg, y. Am , 74, SSSO (IMS). 

(To Mutachappij voor Kol«nb«uerl>ing). Bnt. pat. T19.10D (1054) [C.A., 49, 9043 
(lB55)j 

■o Stickdom (to DeutKha II}dr>arwerl>a G m.b H ), G«r pat 030,073 (1094). 

“• Hudliek}*, CAcm. Luty. 44. 03 (1046) (CA.. 47. 0013 (1093)] 

«’ (To D«ut4cha H)dfi»marlte Aklimg<?aflL«fhaf»). Fr pat 802.403 (1944) 

>» Runge and Slaas. CA<ffl. Ttek. iDttlm). 5. 421 (1933) (C A . 49, 3845 (1959)]. 

«■ Kipping, J. CA*m. Soc . 65, 490 (1*94). 

Kajima, Tntsuo, and Nakamura (to Dat Nippon Olluloide), Jap pat 157.331 (1943). 
»* (To Zrllu-ollo and Kun8(crid«>-Ring C m b H ). Or pat appl Z 1.391 (1943) 

>» (To Soci4t« d<?a Uainea Chimiquaa RbOna Poulanc). Bnt pat 594,263 (1947) [CA . 43, 
3243 (1948)]. 

■»> (To Dautache Kj-drierwrrke A G.\ Fr pat 894.103 (1944) 

’>* (To Phrix-Warko A. G ), Fr pat 903.790 (1945) 

>“ (To DeutKha Hjariernerke A G ). Gar pat 875.811 (1953) 

»• W>1* (to Farbriifabrikcn BaajM). Car pat appl F 7.449 (1951). 

>>' (To Deutsche HydfierwOTke). Ger pat appl D 4.334 (1953) 

■“ MoncriefT and Young (to Bnt Crlaneae Ltd ). U S pat 2.423,200 (1947) [C A , 41, 
8577 (1947)] 

Lincoln and Cohn (to Bnt. Celanrae Ltd ), V8 pat 3.733.346 (1955) [C A . 50. 15580 
(1956)]. 

(To Deutsrhe HydrierirerkB A G )t Gct pat. 859.167 (19.52) 

>« John<ion and JUtCormack fto do Pont). CS pal 3.487.246 (1949) [C A . 44. 2016 
(1950)1 

(To Bala A. G ). Fr. pat. 896.244 (1945) 

(To Bata A G ). Fr pat 900.577 (1945). 

Klarand Hilgelag (to I G Farbenjod P*t* 735.727 (I943)(r A . 88. 2663 (1944)]. 

>'» (To Thurmgisehe Zellwolle), Oer.pat. app). T 4,830 (1941). 
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ORGAKIC REACTIONS 


Under certain conditions, cyclohexanone oxime jdelds the cleavage 
product 5-cyano-l-pentene Five- and seven-memhered 

ring ketoximes also jdeld related nitriles (LX, LXI) under similar con- 
ditionsd^*'"^'*^ 




CH2=CHCH2CH2CH2CH2CN 

va 


Certain spirane oximes (LXII, LXHI) yield unusual products vhen 
treated •with x>o^yphosphoric acid or thionyl chlorided'® Similarly, 
camphor oxime (LXXi*) and ^-pericyclocamphenone oxime form nitriles 
■when treated -with catalysts known to cause the Beckmaim rearrange- 
mentd^'*" These reactions are analogous to those described earlier on 
p. 19.®° The formation of ca-olefinic nitriles and other cleavage products 
from alicychc ketoximes is known.'’’- xjnder the conditions used 

to prepare the oj-olefinic nitriles (LIX-LXI), aromatic compounds 

Lazier and Rigby (to du Pont), CR. pat. 2,234,5S6 (1941) [C_i., 35, 3650 (1941)j. 

IValJacb, Ann., 309, I (1SS9). 

Dat-ydo& Chem. Ttch. (Etr/in), 7, 647 (1955) [C.J., 50, 10675 (1956)j. 

*** Hill and Conley, Ch^m. d- Ind. (London), 1956, 1314, 

Borsch" and Sander, 48, UT (1915), 

Bredt and Holz, J. pral-i. CKtm., [2] 95, 133 (1917). 

Lyle, Fieldinz, Cauqnil, and HonLand^J, Org. 20, 623 (1955). 

Vrallach and Kempe, Ann^ 229^ -2 (1903). 

Mel*enheiiner and Thejlacher, Ann^ 493, 33 (1932). 

Kupe and Splittgerber, Btr., 40, 4313 (1&07J. 
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(LXV-LXVII) are aUo formed.**- ***• •** Other examples of nromat- 
ization are knm^n.**- **• **’• ***• **’ They are illustrated by the following 
equations, 

NOH 

+ CHj=CHCH(CHs)CH 2CH2CN + CgHjCHs 



NOH 



LXVI LXVII 


'*• WollT. .Inn . 823, 331 (1902). 

■” Wallftch. Ann , 346, 266 (1906). 
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ORGANIC REACTIONS 



LXIX 


The aromatization of cyclohexenone oximes (LXVIII, LXIX) is a 
general reacfcionA^®“i®i 

Cj'clohexanone oxime forms octahydrophenazine and aniline in small 
amounts under the conditions of the Beckmann transformation.®® 

The two hydrindone oximes, LXX, and LXXI, yield unusual products 
■when treated with acetjd chloride.*®^ 



LXXI 


Schroeter, Gluschke, Gotsky, Huang, Irmisch, Laves, Schrader, and Stier, Ber., 63i 
1308 (1930). 

Hardy, Ward, and Hay, J. Chem. Soc.^ 1956, 1979. 

Bhatt, Experientia, 13, 70 (1957) 51, 17857 (1957)]. 

VanagB and Vitols, J. Qen. Chem. TJ.S£.Ii., 25. 1953 (1955) {C.A., 50, 8644 (1956)]. 
Leuchs and Rauch, Rer., 48 1631 (1915). 
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Cyclohexanone oxime can be rearranged to f-caprolactam in the vapor 
pha<:c in the presence of dehj’dration catalysts. Cyclohexanone 
oxime can also he converted to hexamethylcne diamine in the vapor 
phase.*** 




H2N(CH2)6NH2 


In a somewhat similar fashion, 1-menthone oxime yields small amounts of 
the nzacj’clohcptene LXXII.*** 



e-Aminocaproic acid (LXXIII) can be prepared directly from cyclo- 
hexanone oxime by refluxing with 70% sulfuric acid.**® 



HjN{CHj)5C02H 

IXXllI 


Simultaneous oximation of t^clohexanone and rearrangement of the 
o.Time formed in situ has been accomplished with the use of hydroxyl- 
amine and sulfuric acid,***- ***• *** and by employing primary nitro- 
paraffin as a source of hydroxy lamine '*■ d-Valerolactam can be prepared 
from cyclopentanone under the same conditions *** 

>•> (To I. Q Farbeniml ). Fr. pwt. 895.509 (1945). 

“< KopfTand Droubach (to 1 G Farbcniiul ). Gm pat 75?.5r< (1944) 

“> (To I. a Farbrnmd A G ). Pr pat 896.330 (1945) 

**• Komotsu and Kuratft, Mtm CM Sn , A'yoto Imp Unto . 7, 151 (1924) [C A . 18, 2149 
(1924)]. 

>•' Novotny, US pat. 2,509,114 (1951) (C A , 46 , 5078 (1952)] 

(To Bata), Brit pat appl. 33,342 (1948) 

Hasa and Riley. CA<m. Aeua , 82, 373 (1943). 
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Xitroc5'clohexane can be converted to e-caprolactam by passing the 
vaporized nitroparafbn over a dehj'dration catah'st.’"'’ Sodium aci- 
nitrocyclohexane gives e-caprolactam when added to hot oleum contammg 
sulfur.^"^ In this case, the intermediate oxime is probablj* formed by the 
self-reduction of the oci-salt.^'*-''^ 



Steroid oximes rearrange to lactams.^'*”!'® 


Heterocyclic Ketoximes 

The classification of heterocyclic ketoximes here is purely arbitrary- 
Included are ketoximes which contain a hetero atom -svithin a ring system 
in any portion of the molecule. 

In general, ketoximes containing a varietj' of hetero atoms and ring 

England (to da Pont), VJS. pat. 2.034.209 (I9S3) iC7..4., 48, 2707 (1954)]. 
t’t (To I. G. Farbenind. A. G.), Fr. pat. 977.093 (1931) 47, 999S (1933)]. 

Schickh (Badische Amlin und Soda Fabrik), Xr.S. pat. 2,712,032 J1955)- 
55* Donanuna and Huber, J. Org. Ch^m., 21, 965 (1956). 

Began and Hayes,*/. Am. Chem. Soc,, 78, 639 (1956). 

55S Kaufmann, J. Am, Chcm. Soc., 73, 1779 (1951). 

5'* Anliker, Muller, Wohlfahxt, and Heii5.=er, Heir. Chim. Ado, S8, 1399, 1404 (1955). 
Sehmidt-Thome, Bcr., 88, S95 (1955). 

5’* Julian, Cole, Meyer, and Magnani, XT-S. pat. 2,531,441 (1950) [C.A., 45, 2935 (1951)3- 
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members undergo the Beckmaiu] rearrangement in the norma) manner 
to j-ield amides or mixtures of isomeric amides. The usual catalysts and 
solvents employed in the rearrangement of other types of oximes may be 
used to rearrange heterocyclic ketoximes. 

In certain cases, abnormal products may be formed by interaction of 
the oxime or product with the catalyst or because of elimination, cleavage, 
polymerization, or hydrolj’sis reactions of the oxime or amides in the 
reaction mixture. 

The oxime of N-phenacj’lisoquinolimum chloride (LXXIV’), when 
rearranged with phosphorus pentachloride, yields a chlorination product 



LXXIV 


of the expected amide.^’* The oxime of S-benzoyl-S-hydroxyquinoline 
(LXXV) yields a ring-sulfonated anilide upon rearrangement with sulfuric 
acid,“® 


H»so« 


LXXV 

N-5Iethyl-l>phenyl-4-benzoylpiperidine oxime (LXXVI) undergoes an 
elimination reaction of the tjqie previously described on p. 19 to yield an 

|0H 

LXXM 

olefin and a nitrile.^'' Another example of nitrile formation is shown by 
formulas LXXVII and LXXVHI,*** 

IhlJcr, Arc*. PA-tnn,. 240, 691 (1903) (C»«m . 1903. 1, 402). 

Maljumur* an.i Seme. J Cirm , S2, 4433 (1930) : 53, 1493(1931). 

»> Kabe and Rittfr. <lnn . 350. ISO (1906). 


Hao/ y CsHi + CsHjCN 
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Oximes of Polifunctional Ketones 

Oximes of ketones containing two or more carbonyl groups will re- 
arrange to yield amides. The notable exceptions to this statement 
occur, for the most part, with oximes derived from a-diketones. 

It has l)een demonstrated that the monoxirae of an a-diketone may 
rearrange to jield one of two possible amides, depending on tlie con- 
figuration of the oxime.**. 


CkUirtt 


BCOXnCOH' 


BCOCR’ 

C 


CaUIjrM 


nCOCOXHB' 


noN 

Hon ever, in many ca<es cleavage to a nitrile and an acid accompanies 
rearrangement or is the mam reaction. **•*♦•>**->*’ 


BCOCR' — IlCO,n - R'CN 

I! 

XOfI 

These cleavage reactions are sometimes referred to as “second-order” 
Beckmann rearrangements.” This phenomenon is not confined to 
monoximes of x-diketones and, therefore, is discussed in more detail 
later (p. 3S). 

The Beckmann rearrangement of monoximcs of diketones in which the 
two carbonyl groups are not adjacent to each other proceeds in the 
conventional manner. **•*•*-**• 

RC— <Cn;).COB— nxnCO(CR;».COR «nd/or RCONntCRjl.COR 

F 

HON 

R' - aIk;LWTl.«rH. 


“* Mfi-rnhfiitKT •nd Un(n>. Btr , 6 T, SSS (1924) 

>" nul.- and Thompun. J Ckrm . 1937, 1781 

>•' FniM-r-roni and rirraioli. ( 7 azz tktm tail . S3. M ('SOD 

”• Ronrhe ami Sand<‘r. Btr . 47 . esls (1914) 

'■* Dulow and Der . S4. 1479 (1901). 

Bradj- and ni-hop. J CktM Sar^ 193(1. 810 
•“ M<-i«-nhMTn-r. Kaudmann. Karororr. and Ljnk. .4"" , ««S. 202 (19291 

tlLdiop and DraJv..; CA<m 5ar . Itl. 2384 (1922) 

Ta\lor./.CArm 5or.. 1931, 201* 

FiiUi. Giizt. tA.m Klal^ *z, 3S8 (1912) 

IWvkmann ami Lmvhr. Brr. M. I (1923) 

»* Kaphm-l ami Vog-I. J CAfw, 19SS. 1939. 
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Monoximes of diketones appear to react abnormally chiefly by cleavage 
reactions. However, a few unusual products arising by reaction of the 
o.xime or the rearrangement product with the catalyst have been recorded. 

The a-diketone raonoxime l.XXX'i, in which the locations of the 
methoxy and raethylenedioxv' groups have not been establi.shed, yielded 
the acyl derivative LXXXI upon refluxing udth acetic anhydride.^-' 

{CHiOKCH.OdCeHXCOCHj (CHXKCH.OdCsHXON'tCOCH,); 

■ ■ ■ V At rtStn " " " 

HOX 

LXXXa I.XXXI 

.o-Phenyl-5-oximinopentan-2-one and a-benzil monoxime have been 
reported to yield imido esters {LXXXII, LXXXIII) when rearranged with 
benzenesulfonyl chloride in the presence of base.®^' Similar products 

C,H.CCH.Cn.COCH, C.H.SO.OCCH.CH.COCH, 

' ♦ ' * ' *■ " r ' 

N'OH CjHjX 

LXXXII 

c.n.so.a 

CjH.CCOCtll, ^ J > CjHjSO.OCCOCjHi 

nON C,H;X 

s-oiln.* LXXXni 

have been obt.ained tvifh phosphorus pentachioride as a catalyst. X- 
Benzoylbenzimido chloride (LXXXIV) has been obtaineii from lienzil 
monoxime in thi.s manner.'^- 

m 

c.iijccoc.fij cjr.c=N'coc,ii. 

iioN a 

s-cilT- L.XXXIV 

Similarly the prejinration of LXXXV from the monoxirne of 2,-l- 
dinitroi- nzil and pho-phonis iK-ntnchloride has Ijccn rcj-mrlc<i.”* 

ncr.Hj 

’ *■ ■* 

NO!I 

*** tr-*« r •. fit'- i > »*< i ' A'f f J li* -'7 
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The behavior of dioximes of diketones is similar to that of the corres- 
ponding monoximes. Dioximes of a-diketones usually do not yield 
amides under the conditions of the Beckmann rearrangement. 

l,2,4-Oxadiazole8 (LXXXVI) apparently are formed when a-diketone 
dioxiines arc treated with reagents known to cause rearrangement of 
oximes.*”' '**“*®* The reactionprobably involves® Beckmann rearrange- 
ment followed by dehydration. Under similar and sometimes identical 
conditions furaznns (LXXXVII) may be formed by elimination of water 


"f-f" 


0— N 
UXXVI 


from the oximino groups.***-*** The configuration of the dioxime may 
determine whether n furazan or an oxadiazine will be formed. Houever, 
there is not sufficient Information concerning the stereochemistry of 
dioximes to enable one to make valid statements on this subject. 

a-Benzil dioxime (LXXXVIll) has been reported to yield three different 
products under closely related conditions.*®*-***-*** 


CeHsC— CC.H. 

II II 

HON NOH 
Lxxxvnj ' 


POyKia, 
Hifh temp. 


CgHjC^N— N=CC,H5 
Cl Cl 



»• Ponzio, Oaii chim Uni , $2, 8S1 (1032) 

PonziOi Qaxz rhtm U<tl , 62, 1023 (1933) 

»«» Gastalcli, Langinno. and Sireona, Qozz, chim tlal^ 58, 550 (1930). 

Brady and Miicrs, J. Chtn > 193(X 216- 
•« Ouiitar, Btr., 81, 516 (1888). 

•“* Gunter, Ann , 252, 44 (1899). 
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Dioximes of diketones usually rearrange in the normal manner livlien 
other groups are interposed betu-een the oximino functions.^--’ ' 
However, abnormal reactions other than cleavage can occiu-.-°* 

EXHCO (CE : )„CONHR 
KC(CE;)„CB and/or 

ji j! BKHC0{CE;)„^'HC0B 

HOX XOH and/or 

BC0XH(CB5)„XHC0B 

Attempts to rearrange trioximes or derivatives of tiioximes have been 
reported.^*’®'-'’® Investigation of higher homologs has not been reported. 

Cleavage of Oximes and Related Compounds Derived 
from Benzoins and o-Diketones 

In previous portions of the text, the cleavage of oximes to yield nitriles 
has been discussed.*®-®‘’<i*^i®idsi These cleavages may be related to the 
more generally known cleavage of benzU- and benzoin-type oximes which 
has been termed a “second-order” Beckmann rearrangement. 

In 1904 and 1905 lYemer, Piguet, and DentscheS found that, when the 
monoxime.s of benzil (LXXXIX, XC) were treated with benzenesulfonj'l 
chloride, the normal rearrangement products (X-benzoylbenzamide and 
benzoylforraanilide) were not obtained.®®- Instead, a mixture of 
benzonitrile and benzoic acid was isolated from the rearrangement of z* 
benzil monoxime (LXXXIX), and phenyl isocyanide and benzoic acid 
were obtained from ^-benzil monoxime (XC).®® The oximes of benzoin 

C.H.SO.Cl 

CeHiCCOC.Hj ■ C«HjCX 4- CeHjCO-H 

1 PiTldiDC 

1. 

HOX 

s-oxiice 

LXXXIX 

C H Cl 

C.HjCCOC.n. C.HjXC -f C.H.CO.H 

J Pyndlns 

XOH 

XC 

*•* Knur.yar.t^ and Fabriehnyi. IHU/zdy ycuh 6S, 701 (lP49){C-4^ 44i 

191S (I9.70i]- 

Milan** and Vt-r.turr'Iin, Cntz. cAt*^. 65, SO-S (If-OG), 

Ar.d«rA.-on. Frits, and Sector.:, J. An. Clem. 79, 0^11 {1Pj7). 

*''* PuU. cAtn. Przr,''e, 1S55, 11V2. 

Seb*-nek, Z. CAm„ S9, SCO (19141. 

\VcrT>''r an«i JIt.^ 3S, CO 
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(XCI, XCll) were cleaved to benialdehyde and benzonitrile or phenyl 
isocyanide depending npon the configumtion of the oxime.**® a-Benz- 
furoin oxime under similar conditions yielded benzaldehj-de and 2-cyano- 
furan, while ^.bcnzfiiroin oxime yielded benzaldehyde but no carbyl- 
amine.*'® 


c«HtCn(oiiicc.nt c«ntCx + c.u.cho 
I “** 
xou 

a-oxima 

XCJ 

C.ll.SO.CI 

c,ijjcn(OH)cc,nj-i-i— :-*.c*ii,Nc + c.n.cno 


^-exlma 

XCIt 

The cleavage of oximes and their parent ketones was later studied in 
considerable detail.*** The accompanying formulations illustrate the 
behavior of several oximes toward benzencsulfony) chloride. 

(c«n.),c(on)cc«n,-^iil^2^(c,iij>,co + c,n,cN + n,o 

II 

Non 

c,u»c(cn,)(on)cc,n,-^:^^^^c,njcocir, + c,njCN + n,o 

B 

Non 


noN 

C,IIsCn=CHC— ■ ^*”*^*^*» C,HsCH=CnCONHC,H,Br-p 

Benzil can be cleaved with potassium cyanide to benzaldehyde and 
benzoic acid.*'* Benzoin yielded small amounts of benzaldehyde under 
similar conditions.***-*'* Phenylbenzoin (XCIII) and methylbenzoin 
(XCIV) also can be cleaved with potassium cyanide **' 

“■ Blatt nnd Bamos. J. Am CA<m Soe , SO, 1I4S (19S4). 

“■ Jourdan. Btr., 18. 659 (1S83J 
»' Buckftndldo.J. Am CAem. 5i>e . 53. 2350 (1931). 

Buck Olid Ide. J. Am. Chem. Sac, 53, 2784 (1931). 
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2(C(;Hj)jC(OH)COCjH; ^ 2(CeHs)jCO -f CcS^CKiOmCOCcB.-, 

XCUl 

2C6HjC(CHj)(OH)COC 5H5 2CeH5COCH; + CeHsCHCOHjCOCeH; 

XCIV 

a-Benzil monoxime and a-lDenzoin oxime also undergo cleavage when 
treated with potassium cj'anide.^*^ However, no isonitrile could be 

KCN^ 

C’eH.COCCjHs ^ CeH^CHO -f CjHsCX 

V 

(. 

:s*oH 



CeH^CHCOHlCCcH; ^ CeHsCK -f CcHsCHO 

P 

XOH 

detected from the reaction of the ^^form of either oxime with potassium 
cyanide. Benzonitrile was isolated from /j-benzU monoxime. A 
mechanism has been proposed to account for the formation of benzonitrile 
from /S-benzil monoxime.^*® 

Although a large number of benzoin and benzU oximes and their esters 
are known to undergo cleavage, not enough is yet known 
about the structural factors in the oxime to specify the scope of the 
process in a satisfactory manner, 

a-Xitroso-^-naphthol (XCV) yields o-c3'anocinnamoyl chloride when 
treated with benzenesulfon3’l chloride in p3'ridine.®®' 2,3-Dime- 



thox 3 '- 6 -carbox 3 -phen 3 -lacetonitTi!e Is obtained from the indandione mon- 
oxime (XCVI) on treatment with p-toluenesulfon3’l chloride in aqueous 
sodium h3’droxide.--'’ Buroin oxime^’® appears to 3"ield 2-fur3d isoc3'anide 

and Oakwood, *‘Thc Cleavcre of ^-Benzil Monoxirc«',*’ presented at the 
A.C^, New York, 194". 

*’• Buck and J. Am, Ch^m, Sc<„ 53, 1912 (1931). 

Mrd»»^nhfim''r ajid Larnpartf-r, 57, 276 (1924). 

tM Gh'»orphiu and Cozubschl'ScaSrcvicj, Bull, C7u/„ liumani^, 24, 15 (1942) [C-4-. 

3S, 3276 (1944)]. 

Bor-che ant! Sand^'r, Her., 47, 2S15 (1914). 

**'•' Cnakravarti and Swarninathan, Indinn Ch^-m.Soc.^ 11, 101 (1934). 
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under similar condition-j, and phenantliratjuinone monoxime yields 
2-cyano.2’-carboxybiphon3l.** 



O 

XCM 


3-OximinoKatin (XCVII) j’ielda o-isocj-anatobenronitrile when 
treatcti Avith phosphorus pentachloride.***”' Under similar conditions. 




H}0 

-COt 


^NHCgH4CN-o 

NHCgH^CN-e. 



XCVItl 


X>inethy]-3-oximinoisatin (XCVIII) jdelds o-cyano-N-metbylphenyl- 
carbamyl chloride.*** 2,3-Dih,vdro-2-oxo-3-oxirainobenzothiophene 
(XCIX) yields o-c}-anophenylsulfeii\'l chloride under the same condi- 
tions.*** 



xcix 


Aldoximes 

Under the proper conditions nidoximes will undergo the Beckmann 
rearrangement to yield amides. 

n(;ilI=NOn ^'**^*>. RCOXn, aml/or HCONHR 
R — cn,. »-c,n,, c,H,cH=cn. 0,11^ ^cic,u„ bi-o,xc,h,. 

e.noc,n,.jb«H,oc,H,.»-lcn,i,sc,n, 

C»Ulj-sti foclude: XI. Cb, BF„ FCl,, n,SO.. 
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Usuiilly, only the unsul)H(i(utcd amide is formed. Only rarely has the 
isolation of a sulistituted forinamide been recorded.--' >*-* 

Benzaniidc was obtained n.s one of the products formed by passing 
benzaldoximc and liydrogen over copper at. 200°.--^’--^ 

CjUsCH^NOU CtTIjCOXII. -i- CcHjCX + CelljCOJI 

Similarly, pyrolj'sis of the sodium salt of benzaldoxime yielded benzaniido 
along with benzoic acid, benzonitrile, ammonia, and benzamidinc.--^ 
Aldoxime.s can be rearranged to amides with Rancj' nickel catalj’.sts.--®’ 
The intermediate complex C was described as a red oil. Traces of iron 

ItCn=XOH . Ccomplex] ->■ RCOXH, 

c 

11 = C.Hj, ti-C,U,„ C.n^cnjCU., C,ltjCIl=Cn, 2-furyl. 

and aluminum in the Raney nickel may actually catalj’ze the trans- 
formation of the nickel complex to the amide. Tetrakis(furfuraldoxiroe) 



Hantzsch and Lucas, Ber., 28, 744 (1895). 

*-* Horning and Stromberg, J. .4m. CAemrSoc., 74, 5151 (1952). 

Yamaguchi, Bull. Chem. Soc. Japan, 1, 35 (1926) [0.4., 21, 75 (1927)]. 

Yamaguchi. Mem. Coll. Sci., Kyoto Imp. Vniv., 9A, 33 (1925) [C.A., 19, 3261 (1925)]. 
Komatsu and Hiraidzumi, Mem. Coll. Set,, Kyoto Imp. Univ., 8A, 273 (1925) [O.4., 
19, 2475 (1925)]. 

Paul, Compt. rend., 204, 363 (1937). 

Paul, Bull. soc. chim. France, [5] 4, 1116 (1937). 
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nickel (Cl) can be decomposed to jield p^Toinucamicle and bis(furfurald- 
oxime) nickel.*** This evidence suggests that a nickel complex ma}- be 
present as a reaction intermediate as postulated by Paul.*” 

Some other unu«ual catalysts nhtch are known to rearrange aldoximes 
to amides ore cuprous chloride and cuprous bromide,** both of which 
rearrange benznldoxinic to benzamide. Cinnaraaldoxime is known to 
form a complex (Clf) with cuprous bromide that can be converted to 
cinnnmamide by heating in toluene.** 

[C,ir,cn=cncn=xoniciiBr * c,njCn=ciicoNii, 

CIJ 

Phenylglyoxaldoxime (CIII) can be converted to benzoylformamide 
with sodium bisulfite.*’* 

>;4US0« 

NOII C«II,C(OII)(SO,Na)Cn(SO,N'a)(NHSO»Nn) 

jso?, H,SO, 

C.UjCOCONII, 

Aldoximes can be dehydrated readily by acidic reagents to form nitriles. 

ncn=NOii itex + n,o 

Therefore nitriles are often formed from aldoximes under the conditions 
of the Beckmann rearrangement. **'•***•*’*“•*• 

Isoquinoline (CIV) is formed when cinnamaldoxime is treated %rith 
certain catalysts known to cause the Beckmann rearrangement.*”'*** 


C,U*COCH= 

cm 


C6H5CH=CHCH=N0H ' 



Irysonsnd Dwyer,/ Pree Foji Soe ITofce. 74, 471 (1941) [C.^ , 35, 4768 (ISil)] 
Codara*. /. Chtm Stx. Japan. 44. 339 (I«3) iC A . 17, 3023 (1923)]. 
trisenhrimrr, ZimmcrTn&nn. and von Kunmer. ann . 44$. 208 (1926) 

’awleweki. /tni AlaH Wui AValov. 1903, 8 (CA«m Zrnlr , 1903, X, *37). 

on Auwers >nd Ilugel, J. proU. CArm . [2} 143. 179 (1933). 

on Auwors end Wolfer, Ann., 498, 283 (1932). 

tcinkopf and Bohrmann, Drr . 41. KM* (1908) 

leisenhoimer. Thedacker, and Beisaveoger. Ann . 495, 249 (1932). 

V'ohl and Losenitach. Btr.. 40, 4723 (1907) 
lamborgor and Goldschmidt. Btr . 27. 19S4 (189*) 

lomatsu .Vtm. CoK. S«-., Kyoto /inj. Pmp . 7. HT (1924) (C.A . 18. 2126 (1924)] 
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This is analogous to the formation of isocjuinolincs from /?-phenyl a,/?- 
unsaturated ketoximes.'*^"*® This is an example of a reaction in which 
the formamide rather than the unsubstilutcd amide may he formed, in 
situ, hy the reairangement.—Cssi.sM 

o-Azidobenzaldoxime (CV) can be rearranged thermally to o-azido- 
benzamide and other products.^® 



Hut 


0-N3C6H4CO2H + o-NjCgHiCONH, + 


c\' 


0-H2NC6H4CO2H + o-H2NC6H4CH=KOH + 



o-Aminobenzaldoxime (CAT) does not rearrange with Beckmann’s 
mixture; instead it j-ields the oxadiazacycloheptatriene 



c\a c\ai 


6-(X-Oximinoglj-oxal)aminotetrah'n (CtTII) undergoes a normal Beck- 
mann rearrangement followed b\' cyclization when treated trith 90% 
sulfuric acid,®^^ 



Bainl>ergcr and Demuth, Ber,, 35, 1885 (1902). 

Mele^nh^jmer ami Dtedrich, Ber., 57, 1715 (1924). 

Von Braun. Rohme^r, Jungmann, ZoBel, Brauns, Baver, Stuckensebmidt, and. Beutter, 
Ann., 451, 1 (1926). 
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Carbon-Nitrogen Rearrangements of Oxime Derivatives 
and Related Compounds 


Oxime Esters. Oxime esters nre converted, under the 
conditions, to amides. 


proper 


NOX 

II 

RCIt 


-.ry*’' 1 

L»c=nrJ 


ItCOXlIll + XOII 
■nlfonrl, »-toli>rnnulroD>l, jiicDl.ele. 

» hnses.w.s* and materials of high solvolitic 


Acids, 

such os water or alcohols”. *« wiU facilitate the t^ansfrrmatlon 
behavior of the oxime esters in the rearrangement ia analogous to th 
oximes. Abnormal products formed under rearranging eonditi 
in general, similar to those formed from oximes • amidines » 
iaoxazoles,*” nitriles.*** imino ethers,**. « or lactims and other sTpT'** 
products.**. *« Oxime sulfonates or orylsulfonates can be rea 
merely by heating the ester In solution.**’.*** *Tanged 


merely by heating the ester In solution.** 

In the presence of strong bases, oxime aryisulfonates _ 
a-ominoketones.***"*** This reaction hos Income known 


converted to 

”* ■* the Xebce 


(RCH,),C=NOSO,Ar - 


licn.cocHixu,,,, 


rearrangement. The reaction Is general for most oxime aryJsuif 
having Jiydrogen atoms on the carbon atom adjacent to the one 

" Knunj»nfi snd Fubrichoyi, Dolladif Alod Kaul SSS H , 60, 628 (184B1 ir 
a Mflson. A , 4«. 


, 70. 3702 (1948). 


(19S0)]. 

Ituntress «nd Walktr. J. Am. Chtm 
VVrge. Btr., 24, 3937 (1891). 

Lindemiinn and RomnnafF. J prall. Chem , [2J 122. 214 (1929). 
Hil! and Kale, Am. Chrm. J . 29. 253 (1M3). 

Scheuing ond Walach, Gar. pal 679,227 [C A , 27. 4630 (1923)] 
Knoll, Ger. pat. 674,943 (1933) {Ckem. Ztnir . 1933. 1. 4049) 
Neber, U S. pot. 2.033,883 (1936) (C A . 30. 7583 (1938)]. 

Nober and von FricdoUheim. Ann.. 449. 109 (1928) 

Neber and Ubor. Ann , 487, 62 (1928) 

Neber and Burgard, Ann.. 493, 281 (1932). 

Neber and Huh, Ann . 515. 283 (1933) 

Neber Harlung. and Buopp. 58, 1234 (1925). 

Geissman and Armen. /. Am Ctum Soc., 77. 1623 (1935). 
Neber. Burgard, and Thier, Ann, 52R 277 (1938). 

Neber (to Zellwoll 
r.. 1954, 1698). 

Baun 


and Kun 


leide Bing Gjn b.H ), G 
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OUflAN'IC UKACnONS 

the oxiinino groiij). l-Jecently Bnmuparfen niul ]{o\eor'''‘’ luivc fouiifi tlmt 
under siinilnr condition^; certain X,N-dic!iloroamines will form products 
characteristic of the Xeher rearram;einent. 



Acidic catalysts that rearrange oximes will also convert oxime ethers to 
amides. 


NOK' 

i' Acid 

KCR -i- HjO ► RCOXnK -f It'OE 


Imines and N-Halo Imines. The reaction of N-chlorobenzophenone 
iraine (CIX) wth potassium hydroxide to yield aniline anti with antimony 
pentacliloride to j'ield benzanilide or p-chlorobenzanilide has been 
reported.*'- 


Kon 



CtH5>rn. 


p-aCjH.NHCOC.Hj 


CjHjCONHCcHs 


Dimesityl ketimine w'as converted to the amide (CX) with hydrogen 
peroxide in glacial acetic acid.*” 


Tbeilacker, Gorstenkorn, and Gruner, Ann., 663, 104 (1949). 

HudUckj* and Hokr, ColUciion Czechoslov. Chtm. Communs.^ 14, 5C1 (1949) [G.A., 44, 
5826 (1950)]. 

-•* Perold and von Reiche, J. Am. Chtm. Soc.^ 79, 465 (1957), 

Donaniina, J . Org. Chem., 22, 1024 (1957). 

*** Hauser and HoflTenberg, Am. Ch€m.Soc.^ 77, 4885 (1955). 
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CX 


Nitrones. Nitronea are converted to amides when treated with 
catal3sts which are acidic, or basdc, or are esterifying agents.***-*’* In 
fact, some nitrones will yield amides when heated in solution.*** Mono- 
substituted nitrones (CXI) apparentl3'ntidei^o rearrangement, ***■*’*> *’*•*” 

O 

t 

RCU— Nn'-» KCON’Un' 

C.XI 


o 

t 

1{,C=NII'— RCONIIR -t- R'NIT, 

C.TII 

wliile disubstituted nitrones (CXII) are known to disproportionate to 
yield an amide and an amine*** an<l to rearrange to oxime ethers.*** 
Intermediate solvoij’sis products of monosubstituted nitrones, e.g,, 
CXni, have been isolated.*** Tlie group on the nitrogen does not 
appe.ar to ^nigrafe during tho rearrangement of a monosubstituted 
nitrone.*‘’‘**b*’*.s*s 


O OCII, 

t KC5 I II* 

ArCH=NC,H, ► ArC=NC,IIj ► ArCONHC.n. 

cii.ou n,o • 

cxiri 

Ai - n-, or p 0,NC,U, 

»•» Alesaandnni, Oazi fAim Ini , 5J. 75 (1921) 

Harrow. Gnmiha. on.) Bloom,./ CArm for. 121, 1713 (1932) 

>•’ TonaooBcu and Kanu, Drr , 72. 1083 (1939). 

•« Tonascacu and Nanu, Brr. 75, 650 (1942) 

><■ BollaMto. Gazz chim il/>I . 65, 755. SS9. 897 (1935), 4n> cottyr nazl chim pura td 
appl.. 5th Congr . Romt. 1938, Parti. 385 (1936) (C .4 . 30. 2935. 3410-3120 (1930)) 

»’» Brady. Dunn, and Goldatein, CAn» Sat.lSZ^ 2411 
»’> Kro)mke, Chem Btr . 80. 298 (1947). 

Gxnrr. ColUrUov. CrrcAoaloo Chtm GcnamifiM . IS. 238 (19sl) [CA., 47, 58S1 (1933)]. 
■’» Copo and Haven, J. Am Chtm Soc . 78, 4897 (1950) 

Beckmann, Btr . 37, 4138 (1904) 

»’• Se)ieiber and Brandt. J pralt Chtm . (2] 78, 80 (1908) 

»'• Splitter and Calvin. J. Otj. Chtm . 23. 651 (1958). 
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These observations suggest that the reaction is not similar mechanistic- 
ally to the Beckmann rearrangement and that it may he the oxj'gen that 
migrates or is exchanged by solvolysis. Perhaps oxaziranes are inter- 
mediates in this transformation. 

Nitroles. Products which may be the result of a Beckmann rearrange- 
ment are formed bj' the thermal decomposition of nitroles.^'’’ 

T f J 

HCNO, >HN=C=0 -i- HNOj 

II 

NOH 

CHjCNO, CH3N=C=0 + KNO, 

11 

NOK 

Derivatives of Hydroxamic Acids. 1,2,4-Oxadiazoles (CXIV) have 
been prepared from a-oximino hydroxamic acids, acid chlorides, amides, 
and anilides.^®®’ 


AiC- 


-CX 


NOH NOH 


POClj or 

>- 

PCI. 


.iVrC= 


=N' 


OH 
X OH 

V/ 

I 

X 


-H.O 
— ^ 




N 


=N 

I 

O 




cxiv 


At — C^HjCO. 

X = XHt, XHC^Hj, Cl, 


Hj'droxamic acid amides also undergo the Beckmann rearrangement to 
yield uns3Tnmetrical ureas; the reaction is known as the Tiemann 
reaction.^'® 

ECNH, RCNH, C,W,SO,OU -f RNHCONH, 

11 11 cxv 

NOH NOSOjCeH; 


Hydrazones and Semicarbazones. When hj^drazones and setm- 
carbazones are treated with nitrous acid®®®"®®® or heated with strong 

Wieland, JBer., 42, 803 (1909). 

*■* Hantzch and Kanasirski, Ber., 42, 889 (1909). 

Partridge and Turner, J. Phfirm. Pharmacol., 5, 103 (1953) [C.A., 47, 12278 (1953)1- 
Pearson, Carter, and Greer, J. Am. Chtm. Soc., 75, 5905 (1953). 

Pearson and Greer, J . Am. Chem. Soc., 71, 1895 (1949). 

Carter, J. Org. Chem., 23, 1409 (1958). 
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acids,*®* •** products characteristic of the Beckmann rearrangement arc 
sometimes formed. 


niC=NNncoNir, - 

i,,c=NNn.— 


The reactions employing nitrous acid have been used to prepare beiu 
zanilides and perhaps are involvnl in the meehnnism of certain reactions 
^hich yield t-caprolactam.***-*** 



x>Mef corot, 



Acids and anilines can bo obtoinc<l by heating p-chlorobcnzophenone 
hydrazones to 450’ in the presence of zinc cldorido.*” 

These reactions may be relate<l to tlie Beckmann rearrangement be- 
cause rearrangement of an alkyl group to an electron-defieient nitrogen 
atom occurs. 


Related Carbon-Nitrogen Rearrangements 
The Lcpssen (CXY),*'’* Cuitius (CXVI),**” and Hofmann (CXVII)*** 
reactions are meciianisticnily related to the Beckmann rearrangement in 
that the tlirce reactions all proceed via the migration of a group from a 
carbon atom to an electron-deficient nitrogen atom. Since there is only 

Stcightt ami St'nior. J. Am CItrm Soc . 33. S7ZT (ISIS). 

Smith and Mo»t,.r. Ory Cifn* . tZ, 338(19371 
••• XnnthopBulo*. AMr of Thttt*. Unumitf of t'*«-nyo, .SrirriM SrriM, 4. 193 <1923) 
[C^., 88. 3039 (1928)] 

flo A9ja lod d. Jop,pAt 125/ 1 952.1 JC A , 4^ 1430 /1954.1J 

•” DoTiariima (to Pu Font), II 8 pat 2,777.841 (1938) [F A . 51. 10565 (1957)) 

Ponaruma (to Du Font), U S pat 2.763,844 (I9S6) (C .4 , 51, 5822 < 1957)] 

•“ Yala, CAtm. Hri’t . 33. 243 (1943) 

Smith, 111 Aclamn, Organic Jltorfroat, Vol III, p S37, John Wiley k Sona, Kbw Yor)«, 

1946. 

Wallis and Lane, In Adams. Or^nic Ararfiona. Vo! III. V -OT. John W liej- * Sons, 
New York. 1946. 
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RCOXHOH 

CXV 


-> [RCOX®] RXCO HXII. -f COi 


KCOXH; ' 

cxvii 

one group which can migrate in these three reactions, there are no stereo- 
chemical factors present as in the Beckmann rearrangement and only a 
single product can he formed. This statement also holds true for one 
phase of the Schmidt reaction, the reaction of hydrazoic acid ■'vith 
carboxylic acids (CXVTII).^®- 

11 SO — 'V ^ ^ “—II® r\ 

RCO.H — i-4- [RCOXXj]®’ — 'A- RCOXH — COXHR >- RX=C=0 

cxvili H 


RX=C=0 ■ 


• ”1" ^^2 


However, when ketones are treated with hydrazoic acid, the possibility of 
migration of one of two groups arises. 


RCOR' -P HXj ■ 


R OH 

\1 

eXHX, 


R OH 

\I 

eXH- 

/ ® 

R' 


RCXHR' and/or R'CXHR 


CXIX and/or CXX • 


RCOXHR' and/or R'COXHR 


Aldehydes usually form nitriles when treated with h3^drazoic acid.^®" 
When hydrazoic acid or one of its salts is added to a system in which 
the Beckmann rearrangement is being carried out, tetrazoles (CXXI) are 

„ „ Catilj-st ® HX, 

R.C=XOH > [RC=XR] EC=X\ 


RX=X/ 


Wolff, in Adams, Organic F.earJiom, Vol. HI, p. 307, John Wilev & Sons, Xew York, 

1946. 
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formed. •‘•*‘*-*’*-*** The reaction is applicable to a large number of 
OTimes and oxime derivatives, particularly alicyclic ketoximes. 


STEREOCHEMISTRY OF OXIMES 
The Beckmann rearrangement has important Rjmthetic uses. Since the 
rearrangement is stercosjieeific, a brief review of the stercochemistrj’ of 
oximes i.s in order. 

The oximation of ketones and aldehydes «hen nieasured in buffered 
Bj’stems appears to lx? an equilibrium reaction at low pH values and may 
become irreversible at pH ".***•*•* Optimum yields of oximes in such 
buffered systems arc obtained at about pH 4.5.*'* The rates for oxime 
formation and oxime hydrolysis appear to be quite rapid.*”-*®''*'’ 


ncou' + Nn,OH Rlt'CtOllMNllOIl) 


RCR' anil/or RCR' + UfO 
I'OU DON 


Few investigators have attempted to determine the ratio of syn to 
onti i«omers formed on oximation. This may be due to the fact t at 
adequate methods for the analysis of such sratems nero not available 
until recently. Often only one stereoisomeric form is isolated The 
oomposition of the equilibrium mixture of o.ximes of unsymmetncal 
ketones frequently appears to be determined by stereochemical con- 
siderations.”- **• *^*i sci.ssia 



AiUx 


lUrrill. Herbs!, end Roberts. J. Orjf. Chem . 15. 68 (1950). 

— “-t. pst. 309,949 (1929) (Cftem. • 1930, 1. -ST). 

538,981 (1931) (C»r>»i. 1932. I, 1297). 

pat. 845.205 (IKS) {Cktm Ztntr . 1929. 1, *5S9J 
pat. 643.020 (I92S)[C.^ . 2«. 33«3 (1932)]. 

. pat. 285,080 (1927) [C-S . 22. <6** (1928)]. 

. phy>xk. Chtm.. 129. 1 (1927) 

idCetUer.J.^m CAna. Soe, 78. 630 ( 1950). 
m. Suratt. and Lester. J. J»- CJUm S«c . 73. 4482 (1951). 
onlheard. Comfl. rrnd., 207, W6 (1938). 

.I,u JIcLaren, J. Otg. CAm* . 10, 29 (1945). 

Heeombo, Jaequrmain, and Babroet iteh, ^ -■* 

Hantich, Btr., 24, 4018 (1891). 


Knoll, Cei 
Boehnn, 
Boehrinaci 
Boehnngei , 
Olinder, Z. 
Fitzpatrick at 
Craft, Landru 


a Trante. 1948, 447. 
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However, resonance and inductive efiects often influence the configuration 
of the oxime formed as the result of the stabilization of one stereoisomer 
by hj'drogen bonding.®°^'®®^ 



X = OCHj; tyn 63"J, anti 35%. 
X = XOj; t’jn onlv. 


The configuration of an o xim e may be determined by chemical 
or phj’^sical methods or both. Ring cleavage of the corresponding 
isoxazole®'^'*''^®® has frequently been employed for this purpose. 


HjCeC- CC.Hj 

'■ r 

K CCcHs 

\o/ 


H^CeC- 

r 

\ 

N 


O 


o 

p 

■CC.Hs 

CCeHs 

ii 

O 


Other chemical methods employed are ring closure to the corresponding 
isoxazole,“®<^'’'®°® or formation of coordination compoimds with metal 
ions.^io.sii 



Some of the phy.sical methods used for the determination of the con- 
figuration of an oxime are dipole mea.=urements“^> ^ and infrared,®^* 
ultraviolet,^^® and nuclear magnetic re.sonance spectroscopy.”' 

*'•* Ccfrbott and J. Chrm. Soc., 1955, 29G. 

Brady and Ben;:er, J. Ch*m. Soc., 1953, 3012. 

Kohler. *r. Am. Chcm. Sor., 46, 1733 (1924). 

Kohler and Richtmyer, J. Am. Chtrm. 9oc., 50, 3092 (1925). 

» ’ Brady and Bhhop. J. Cl^m. Sor., 127, 1357 (1925). 

Brady and Muer«, Chzm. Soc.^ 1930, 1599. 

Chuca^'V. Btr., 41. 1C7S (1923). 

Salton and Taylor. J. Ck<m. Soc., 1931, 2190. 

Sutton and Taylor, J . Chtm. 1933, 63- 
Paint and 'Werbin, Can. J. CL'm., 31, 1004 (1953), 

Palm and Werbin. Can.J. Chrm.. 32, 555 (1954). 

31' Brady and Gray-on. J. Ch^m. 5oe., 1933, 1037. 

*1* Plullipo, Ann. y.Y, Acri'i. Sci., 70, 517 (1953). 
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Much cxpcrimcntnl work hfti liecn rcportwl in the older literature on 
the isomerization of oximes. Unfortunately, l>ecau«o m-inj' of the authors 
were not able to employ pure reagents, the conclusions drawm from their 
work frequently ore questionable. 

The equilibrium distribution of the two isomeric oximes appears to 
depend to a high degree upon the structure of the oxime, the acid eraploj-ed 
in thd reaction, and the reaction medium. Isomerization of one oxime 
form to the other may be effected by acids in nonpolar solvents*’’ 
or bases in ionizing rolvcnts.***"*** The stability of the syn oxime 
relative to the oii/i oxime depends upon steric and electrostatic effects. 
«yn-t-Butyl phenyl ketoxime nppe.ars to isomerize prior to rearrangement 
when Beckmann’s mixture is u«c4l as the reagent. Under similar con- 
ditions eyn-isopropyl phenyl ketoxime yields only the normal products 
expected from trons migration.* The relative stabilities of mono- 
substituted benzophenone oximes also have been investigated.’ 




R . cu,. C,U,. •-C.u, 

The flnfi oximes were more stable and their stability increased with the 
electron-releasing effect of the substituent (CH, > CjHj > n-CjHj). 

The importance of reaction medium upon the relative stability o two 
isomeric oximes is exemplified by the isomerization of mesitylaldoxime 

wrt »ihCT net „ „ ir-TT 1 r TT m 

2,4,0-{ClI,),C,II,Cn 2.t.O-(Cn,),C,U,tll 

It IKr fibrt. ua II 

lioinn HCi.xon 

In wet ethereal solution, the syn-aldoxime appears to be tlie more st 

in drj- ethereal solution the on/» oxime ia the more stable form 

Recently it has been showm that the more stable sya—chlo - 
benzaldoxime w as converted to the onti-oxime by equimolar amounts of 
i'ydrogen chloride or boron trifluonde in ether" (see equations on p J- 
A salt was formed which precipitated and displaced the equilibrium m 
favor of the anti oxime salt. The less stable anlt form , , • 

fhe ayn form in ethanol or water by catalytic amounts o J 

•“ ratte«on «nj Montgomery. J Chrm Sot . 101. 2100 (1912) 

Hau«r .nd JonUn. J. Am Ch,m So. . 58. 1S04. (19*6). 


•“ Brady and Thomas! J. Chtm. Soe . 1922, 2098. 

*“ Gilman. Oryon.o CAemulry. John Wiley and Sons, 


Sew York, 1943. Vol I, P < 
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acid or by traces of i)oron trifluoride in ctlicr. The equilibrium appears 
to be displaced in favor of tlic ^i/n oxime because the acid catalyst k 
removed continuously from the syn oxime by the nucleophilic solvent. 
This example may explain the larger number of similar isomerization^ 
effected by acid.s in different media. 


P-C1C,H,CH 

i 

aSHNOH 


" r- 

p.CIC,H,CH 

f 

I 

. a'^HNOH 



IIC! fra tAU'tfc) 

W-. I 

31t>aTio!or^atrr 


r-ClC.H.CH 

t 

RONHClS J 


p-aC.H.CH 

HONHCiS 



;p-CTC,H,CH 

N'OH 

Syn 



?-CiC,H.CH 


HON 

JrJl 


Isomerization in alkaline media has l>ecn observed quite frequenth. 
Eleclrostatic repuLrion appears to play an important role in these 
isomerizations.'*”''--- Such effects may be prevented by conversion to the 
corresponding o.vime ether. 


CeHjCCO.H C,H.CCO®Na® 

r hq 

NOH Na^ON 

Little is knoivn about the function of temperature and catah'st upon 
isomerization of oximes.*'® 

The effect of the reaction medium on the distribution of products from 
the Beckmann rearrangement is very important. Rearrangements by 
phosphorus pentachloride in benzene and in ether proceed vothont 
isomerization provided the reaction is carried out at or belotv room 
temperature.®’ A solvent of high dielectric constant or a solvent 
of high nucleophilic power and/or solvoljVic power may favor the iso- 
merization considerably. Whereas syn-f-butyl phenyl ketoxime is 
rearranged by phosphorus pentachloride in ether without isomerization, 
hydrogen chloride in acetic acid isomerizes the oxime before rearrange- 
ment.® An increase in the acid concentration of the rearranging agent 
increases the amount of isomerization precedins the rearrangement. 
Eighty-five per cent sulfuric acid rearranges methyl n-propyl ketoxime to 

HanlscJi, Btr^ 25, (1S32;. 

Blak^, Jones, and Scaroorcrarfi, J.VZufm. 1927, 25&5. 
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N-n-propylacetamkle.** Ronmingement with 93% sulfuric acid yields 
both isomeric amides.” In view of these observations, oxime con- 
figurations determined on the basis of an/i rearrangement should be 
considered highly suspect unless it has been showm previously that the 
rearrangement eonditions will not isomerize the oxime in question. 
Phosphorus penfachlorido in ether at or below room temperature appears 
to be a s}’stem « herein no isomerization occurs.*"’- **• ’*•’*■ However, 
possible exceptions to this statement are knouTi.’-*’*” Hydrogen chloride, 
in acetic acid or ethanol,*- *'* and sulfuric acid**- *** isomerize oximes 
prior to rearrangement. Before 19il some oxime configurations were 
determined on the assumption that cU migration occurs during re- 
arrangement.* Therefore oxime configurations determined up to 1924 
may not bo correct. 

PREPARATION OP OXIMES 

Oximes can be prepared conveniently from the reaction of aldehydes or 
ketones with hj'droxylamine salts in the presence of a base (i.e., pjTidine 
or sodium hydroxide).***-”* Oximes can also be prepared by the 
reduction of nitropnraffins”*-*** or the reaction of nitroparaffin oct salts 
\rith acid solutions of hydroxylamine salts,*” and by nitrosation of 
carbon atoms.*** 


EXPERl.MENTAL CONDITIONS 


Catalyst and Solvent. The basis for the choice of catalyst and solvent 
can best be illustrated by describing the results which might be e.Tpected 
from certain catalysts and solvents 

Phosphorus pentachloride In ether appears to favor a stereospecifio 
rearrangement.*®-’* Therefore, for determining the configuration of an 


“X T«i«nt'ev and Makarovs. 2Aur OMrht% SI, S70 (I»S1| . 45, V1D3 (1951)}. 

••• Shnnrr. Fmon. and Curlin, Tht Sgtitmaltc IdtnltficaUon of Organic Compound*, p. 254. 
John Wilry i Sons. Now York, 1956. 

••• Hopff, Rrkicl, and v Schickh (to Badwbe Anilin und Soda Fabrik). Cer pat 922,709 
1955) iChem. Zrnlr.. 1955, 5183). 

••• WriM {to Fatbcnfabriken Uayar), Ger pat 917.424 (1951) (Chem Zentr . 1954, 10818). 
•” W>i»e (to Farbrnfabnkrn Bajer). Crr pat 916.918 <I9S4) (CArm Zenir . 1954, 10816). 

WrU {to Farbenfabrikrn Bayer). Ger. pat. 910.647 <1954) (CArm Ztnir . 1954. 6344). 
••• Well and Ciltges (to Farbenfabrtken Bayer), Ger pal 877,304 (1953) (Chem Zentr., 
1953. 6567). 

*•' Ufer (to Badiaehe Anilm und Sods Falotk), Cer pat 877,303 (1933) (CAem Zrnlr , 
1953. 820S). 


Weist (to Badischo Amlin und Soda Fabnk), Cer i»t. 855.5SS (1952) (CArm Zentr. 

1954, 1591). 

•>» Well (to Farbenfabriken Bayer). Ger pat 85^253 (1952) (CAem Zentr. JW4, 1351) 
•“ Hopff and Schickh (to Badiaehe Aiuhn tmd Soda Fabnk), Ger. pat 900,094 (1953; 
(CAem Zentr , 1954. 9393). 

••• Touster, in Adams. Organie JteaetKru. VoL ni. p. 346. John Wiley 4 Sons. New York, 


1953. 
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oxime on the basis of anti migration, this system would seem to be 
preferred. 

If a high jdeld of amide is desired, polyphosphoric acid and fuming 
sulfuric acid are recommended ns catalysts."’-- With these catalysts, 
hydrolysis of the oxime to the ketone and of the amide to the acid and 
amine is negligible. 

Hydrolj’sis of the amide formed in silti to the acid and amine can be 
achieved by emplojnng 70% sulfuric acid as a catal 3 'st.*^° Likewise, 
solvolj'sis of oxime sulfonates to obtain imino ethers, 
amidines,*^ can be achieved bj' emplojdng solvents such as alcohols, 
phenols, or amines, I'espectivelj’, in the presence of a suitable catalj’st. 

Steroids rearrange best if the acid chloride of a weak sulfonic acid, such 
as p-acetamidobenzenesulfonjd chloride, is used as a catalj'st.^'^-^'® 
Temperature. The optimum temperature for a given rearrangement 
is important for a high j'ield of product. The optimum temperature at 
which a Beckmann rearrangement must be carried out depends on the 
nature of the oxime, the product, the catalyst, and the solvent and often 
cannot be predicted accurate^. However, when sulfuric acid is used as a 
catalj-st, the rearrangement usually proceeds best between 100° and 140 . 

Catalj'sts like phosphorus pentachloride,’® hydrogen fluoride,®^' 
and sidfur trioxide®®-®^*®®® enable one to carrj’' out the reaction near or 
below room temperature. 

Temperature can also be controlled b}- emplo 3 ’ing the proper 
reactor by using solvents,®®- and b 3 - adding inorganic 
salts,!®®-^^'’ or other additives^^i to the rearrangement system. 

Rearrangement of Oximes by Phosphorus Pentachloride 

A large number of oximes have been rearranged to amides wth phos- 
phorus pentachloride as a catalyst.^® 

The usual procedure is to dissolve the oxime in absolute ether and cool 
the solution in an ice bath. Excess phosphorus pentachloride is added 
to the cold solution, which is then allowed to warm to room temperature. 
If the reaction is vigorous, further cooling may be necessary. The 
mixture is allowed to stand at room temperature for several horn’s and 
is then poured over crushed ice. The ether can be evaporated by directing 
an air stream over it. If the product is a solid, it can. be removed by 
filtration and recrystallized. A liquid product can be isolated by solvent 
extraction. The extract should be dried and, after the solvent has been 
removed, the residue can be purified by distillation. 

Homing. Stromberg, and Lloyd, J. Am. Chem. Soc., 74, 5153 (1952). 

Potts (Henkel and Cie. G.m.b.H.), Brit. pat. 732,899 (1955) [C-A., 50, 5738 (1956)]. 
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nearronjjcment of Oximes by Concentrated Sulfuric Acid 
Fifty Rrnms of the oxime i< added in email j'ortlons to 50 p. of ^'ell• 
stirrwl ronct'ntmtwl eiilfuric ncid, the teropi*ratiirc of the solution l>eiiig 
held liclow 25* hv external rording. ^Vhcn nil the oxime has dissolved, 
the solution is adde<l drojiwiv to Sog. of concentrate*! sulfuric acid at 
12(^130’. The tempemture of the reaction mixture is held nt 120-130* 
for an additional five to ten minutes and then brought down to below 30®. 
At this tempcrtttnre or below, the pH of the reaction mixtnre is adjusted 
to 0 with 2S% aqueous ammoni.s. Tlio mixture is cxtractc<l several 
times w ith chloniform nr another auitable aolvent. the combinetl extracts 
are drietl, and the solvent removed by distillation. The residue can be 
recrj-stallizetl or distilleil. 

This procedure Is a slight miwiifiention of that descril>ed by \\iest*”and 
is applicable to most oximes. The yields range from 50 to 00%. 


rxrEniNtrsTAL procedures 
HomodIhydrocarbost)Tll (llearmnpement of J-Tctralone Oxime 
Polyphosphoric Acid).*” Four prnma of l-tetralone oxime wes^heat^ 
with 120 R of pol.>'pho«phoric arid for ten minutes at 120-130*. The 
•olution wn» cooles!, treated with 330ml. of water, and extracted with 
cHorofonn. After the chloroform solution was washed, dried, and 
evaporated, there remaine*! 3.W p. (01%) of diphtly discolored crystalliw 
fnaterial, m.p. 13.'i.r>-138*. HecrjutallUatioii from ethanol provided 
colorless homodihj-drocarboctjTil. m.p. 142.5-143*. The aqueous solution 
remaining after the chloroform extraction was made alkaline with -5 
aqueous potassium hydroxide and subjected to continuous ether extrac 
tion. The ether furnished O.lOp- of a red oil. which was not charnc- 
terized but which may have contained /J-nnphthylamine. 

Phenanthrldono (Hearranpement of Fluorenone Oxime 3 
phosphoric Acid).”* A mixture of 2.00 g. of fluorenone oxime and bO g. 
cf polj-phosphorio acid was healed with manual stirring to 
maintained at this temperature for a few minutes. The resu tmg ^ ' 
was cooled and treated with 300 ml. of water. The product separate i 
crj-stnllino form and was removed by filtration. After was mg 
drjing. there was obtained 1.85g. (93%) of phenanthndone, m.p. 
286-28D*. ^ . -.u 

8-VaIerolactam (Rearrangement of Cj-clopentan^e ^ 

Benzenesulfonyl Chloride and Sodium Hydroxide). ” o a co 

containing 20 g. of sodium hjdroxide, 200ml. of water, an g 
WIe.t ,.o Ahen Ca,.oci:*n,. OA. p..- 
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cyclope„t.„o„e oxime was added 115 g. of 

The mlxtor. ™.a allowed to .land for twehe horns m an .oe brth an 

then neutralised and extraeted with . ml , „t 

removed by distiUation, and the residue distdled to yield 4 / . g. ( /o 

6-valerolactam, b.p. 95710 mm. PxrMnhpxanone Using 

,-Caprolactnm (Direct Pr^amtion ,ell- 

Nitromethane a. a Sonrc. 3 „/° ^Lmethane 

Stirred concentrated sulfuric acid heated to 125 , g. 
was added dropwise with external cooling when neces ^ ^ 

temperature of the acid at 125^130-. After an add. iond 
125-130°, 440 g. of cyclohexanone u as added slow y 9fi_i25° 

latigai; heaid when neces^ry to hold trelra .5 thi 

When the addition of the ketone was complete, t e p 
mixture was held at 120-125° for five minutes. The reaction ^ 
then cooled to below 36° and held at that temperature 

was neutralized with 28% aqueous *^nimoma^ The chlofofonn 

and the filtrate extracted several times vath chlorofom. 
extract was dried and the solvent removed by distillation T 
was distiUed to yield 360 g. (79%) of ^^'^^am b.p. 138 /I 

Acetanilide (Rearrangement of Acetophenone Oxim y 
acetic Acid).«^ A solution of 25 g. of ^‘^^^ophenone oxime in 
trifluoroacetic acid was slowly added to 38 g. of 

acid. The reaction temperature increased from /2 to i ' 7 g 
digestion at this temperature for one-half hour, the exc^s ^ ^ 
removed by distiUation under reduced pressure, and the residue ^ 

Uzed from a methanol-water mixture to yield 22.8 g. (91%) 

Pivalanilide (Rearrangement of Pivalophenone Omme J i -vfme 
Chloride in Acetic Acid).® Into a solution of 1.0 g. tes. 

in 15 ml. of acetic acid, hydrogen chloride was bubbled for fifteen 
The mixture was allowed to stand overnight. It was then ^ 

boiling for five minutes and poured over ice. The mixture neu 

with dUute aqueous sodium hydroxide and extracted wth 
extract was dried and the solvent removed to yield 0.94 g. [yi/o) 
pivalanilide, m.p. 118-141°. After one reci^^stalUzation from n P 
the pivalanilide melted at 117-124°. ^ Ranev 

Heptanamide (Rearrangement of Heptanaldoxime J tanal- 
Kickel).“®'"' The solid mass obtained by heating 5.0 g. of nep 
doxime with 1 g. of Raney nickel at 100° for ninety minutes was 
with ether to separate the catalyst from the product. The 
evaporated to yield 5 g. (100%) of crystals melting at 93°. By trea 
vith activated charcoal and then by recrj'stalUzation from 
heptanamide was obtained as silky white platelets, m.p. 95°. 
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TABULAR SURVEY OF THE BECKMANX REARRANGEMENT 

The data listed in the twelve tables that follow represent a compOation 
of most of the available publications concerning the Beckmann rearrange- 
ment from 18S7 to 1957. The authors feel that the data are reasonably 
complete, but some publications were undoubtedly missed. 

The tables are arranged in the order in which different classes of oiTmes 
were discussed in the text. Oxime ethers and esters are listed with the 
ketoximes from nhich thej' are derived. The compounds within a class 
are listed in order of increasing number of ketone carbon atoms. To find 
a compound in the tables all that is required is to know the number of 
carbon atoms in the parent ketone and to look up this number in the 
proper tabic. For instance, cyclohexanone oxime, cyclohexanone oxime 
methyl ether, and c3’clohexanone oxime p-toluenesulfonate are all in 
Table IV in the six-carbon-atom group. The tables include the name of 
the oxime or starting material, the ptoduct(8) formed by rearrangement, 
the conditions and reagents empto^'ed (catalv’stis), 8olvent(8)), the 
percentage j’ield of product, and the pertinent rcfercnce(8) when this 
information was available. 
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X-I’bcnyl'N'-methyl- Aniline 

Mcfntnidine (A5) 

I^L>imp(byM^,!t,1-(etran)3c NaNj, C,iriOII 
Mclhylamine CIIC1| 

pper(I) Unidcntinnl product CilftCII} 
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A 1 . 1 1 *1 1 ATIO Iv imix I M 1 w 

N,.. ..r (I Alonm Ht.uilnK Mali.'lal I'ro.luolM (% Yl,.l,l) ('nlalyHlH n.ul MN,.rrlnu.,.t..l lIof.-roucM 
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•MeUiyl 4-niflhoxyiityrjl N-l-MethoiyBlyrylftcetAinide I’Cl*, (C,1I,),0 


THE DECKMAXS REARnAXGE-MENT 65 



hydrolyzed to yield the produci(B). 
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Noll': Itofi'n'mM'it to fitttl aro on pj). IfitJ-iril). 

§ 'I'ho aiiilito waa Ivyilfoly/.L'd to yield tlio i)i'od\mt.(s). 



starting Material Products (% Yield) 
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o-CJilorobcnzoyl cyanide oxime No reaction I’Cijf 

p-C1ilorobcnzoyl cyanide oximo No reaction I’Cl,, (C2lI,)jO 

Etliyl phenyl kttoxime I’hipionantKde (OSSO) l>a„ (CJJJjO; C,IJ,SOsCl 

1‘ropionanilide (85) and N,N'-di- HOC!,. (C,Il,)jO 
phenylpropionAinidine (Jfff 
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5-00% yield by heating in elhylonc diclilori, 
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benzanilide, 2-bydroxy-5-metliyI- 
aniline, and, 2,5-dimethylbenzoxa- 



#yn-l8opropyl phenyl kctazimc Jaobutyraxulide C,{fjRO,CI, pyrfdfno 

8j/n-Isopropyl phenyl kctoximepicryl . N^Pierylisobutyranilidc (8l)t 






THE HECKMANX REARIIANGEMEKT 


76 



Methyl 1-naphthyl ketoxime Acetic acid <99) and 1-naphthoic acid I*C1|, C«H| 
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« i. 


II The amide was hydrolyzed to the pix>duct(8) without prior isolation. 
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OHGAKIC P.EACTIOX5 




4-Mcfhoxybcnzyl 3,4-ditnpthoiy- No roactlon I’Clj, (Cjnt),0, C,H 

phenjl Uptoxime 

4-Mcthil-9-acotyl-l,2,3,4-(ctra- 4*>Icth)l-9-(N'ftcct>I>inilno}-l,2,3,l- 

hyJrophonanthrono oxime trtrahydropliMUWillirene <03) 

7-Acet}l-9-nietliyl-l^,3.4-tetra- 7-(N-.\M‘tyUnilno)*9-inethjl'!A3,i- 


THK IIRCKMAKK IlFUnnANar.MF.NT 



H The amide was hydrolyzed to tlie 
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xpncRulfonfttc fcmnwl wan hplrolj-xiHl l<> \ 
D<1 by treating the rraettun mixture with 





2-ChIorobenzophenone oiime 2-Cf>toTobenzaiuUde aod aniline PC7s. (C,IT.),0 

2-Ch)orobenzoplienone 18% Hci 

*-Chlorobenzophenone oxime Benzoic acid (44%) and 4-chloro- ra,, C.II, 

benzoic acid (56%)t 

p-ac.n.c(a)=Nc,n, ra.. (c,n,),o 
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nH-Phenyl S-hydrosy-S-inethyl- 2-JIy<lrox7>5-niethyIben&xnilf<le and/ PC3j, (0,11, ),0 
phenyl ketosime or 5-rncthyl-2-ph«nylbenzaxazolc 


THE HECKMAXX RELVRRANGE3iIENT 
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ORGANIC REACTIONS 



1 .(2 ,4 -Bimcihylbonzoyl )- 
nntlu’aqviinono oximo 



3,4-D>mpthyJanUirB<iuinoiic*l*cot' IICl, CjIIjOII 
bosnnilide (small) 
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TcteHmethyJenel^nizoh JIj.SO,, X.iJTi; CJICJ,, 

CISOjII, NaN, 

Cyclopentanone oxime Biilfonatc Tar j\,|, JICl, <lioxjne 

Cyclopentanono oxime bcnxcnoRul- ^Valcrolactam (03) Dibinxyl liytlrogcn 

pboRphalc; 



indcr reduced pressure. 
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-caprolactam (50-fi0) PjO^, l’Oa„ PCI,, 

PPr,. SOCl, 

-C^prwlaclam (50-79) B,0, (21.5-3(1,5% on 

AJ,0,)[| 

-caprolactam (41) HPO,. JI,. NII,|| 

-Caprolactam Nil,. SiO„ 200-500°|| 
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fas employed. 
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o 





104 




• I>imilh)lp)rl(ilirxnnonp .’)^-l)iinrtli}l-n'rii|)ri>la<-(Ani (71) 



rt^ucwl pn^un*. 




o 



2- Isc>pi’op>'I-fl-nie(hylcycIo}icxanonG 7-Mpthyl*10-i9OpropylhPxamclliyl* CJSOjIIt NaKj, 

oxime cnelelpazolo (27) CIIjCJCJIjCl 

3- l8opropyl*5-mctJiyIcycIoiicxanono 7*Mcthyl-0-isopropyIhcxarnclltyI* Cl.SO,II, NoN,, 

oxime eiietetrarolo (50) CII,ClCIIjCI 
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Note: Rpfurencps 338 to 503 are on pp. 152-150. 
tt This product was obtained by hydrolysis of the 





I sulfonnip tt-XaplitIi>lam>nc (12) HCI, 

7 )-foliienc«iuJfonnle 3,4*D(*ns-6*«apro)aclain (78) CIIjOII 



Jt TJie picrjl ethor was rearranged by heating m ethylene dichloride. 
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OnOAXIC REACTIONS 



:?-Ciu'boinothoxy-l-teU'al()iic oximo S-CiirbomeUioxy-S.C-bonz-O-capro- Polyphosphoric acid 195 

laclan\ (50) 



ffyn-l,2-Benrcytlooctanone oxime N-Pieryl-2^ben*-8-capryIolactamtt 

pieryl ether 

an/i-l,2-nenzcyclo6clanone oxime N-Picryl-T^-bcns-S-caprylolactamJ} 

picrjlclhcr 

4 -C>cloliexylmethyIcycloliexanono 4-Cycloliexylinethyl-6-capro1actam IIjSO 
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Jt The picryl etlicr was rearranged by heating in ethylene dicblonde. 



H2 


OP.GA'.IC REACTIOX5 



'()K'’ll (1(1 ‘im) 




pp. 152-150. 
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ORGA^^C REACTION'S 




ethanol, n-butytaminc, cyelohesylainine, N-etliylcycloheiylar 



HTlflltOlI) 0X1 MICH 

No.or Hlnilii.K IWi.«lH(% Yield ) ('d/.lyHlH m.d Kxpeel- Uelereiicea 

, (i,,,., , nieiitiil Condil ions 
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ORGA^-IC REACTION'S 



ri-l’i'eKneMe-!!-/),l7a-dU)l-2l)-oi\(!-;i- Oehydvoepiiuulrosleroiu' aeetnte (UK) I’OCI^, pyi'Ulino 601) 

iii’elide oxlnie 

(dl()-l’i'eKimn-H-/(,l7a-dl(i|-2()-im(>-:i- rpi-Androsterone ucutate (1)0) I’Ol.'la, pyridine 600 

aeelale oxime 
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S-IIydroxy-lSa-amino 13,17-eeco- p-ClIjCONIIC, 11,80, Cl 

cstratrien-17-oic acid aq. NaOII 

13,17-lactain (SO) 



TAUIjK V — Coiiliiiueil 
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OKGAXIC REACTIONS 




IhTrn«>CTnjc KtrpiTtMrii 



S'ole; ItcfcTT-rii 





2,3,6,<3-Tetramclhyl-4-pipericlono l,4-Dla*a-2^^,()-tctKiincUiylcyclo- 

oxime hydrochloride heptan'2-one 



PCI,; CUjCOCl 
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ORGANIC REACTIONS 




4-Pyndyl 4-carboxyphenyl keloxime Terephtbalic 




ITeTEROCYCLIC IvETOXISnSS 
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ORGA]SriC REACTIONS 
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H-Ucnzoyl-O-plmHylviyi'idino oxiino 2-PhenyliucoUnio acid anilide (100) PCI 5 



DiliyilH'Codcinwio oximo / V.!- HOCIj. POC'l,, PCI 




M'oNOXIMIOH ok DlKHTONlCM 
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ORGANIC REACnOXS 




i4-Cydo]iexnnediono dioximc Surcinic iu*ti], Mhj^l<'ru> atlaminr, nn<l jvCII,C*II,SOCJ, 
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OKGAKIC UEACTIONS 





•Tiu: !U:CKMAN'X REAUUAXOK.MENT J29 
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ORGANIC REACTIONS 



IIN— "('jio)— im 



4,1'-I)>l«ydro»ya80«>l>on«?nc (15) r»iriS0,C1, pyri 
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1,4-Naphthoquinone monoxime l-Acetozy-2,3*dichloro-2,3-<lihy(]ro- IICT, (CII,C0),0, 

4*nitrosonaphtha]ene CH,CO,U 



PoTyphosphoric ncid 


TIIC BECKJfANN^ KEABRAXOE.UEXT 
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1-caiboxyfluocenone amkle (4$) 
1-CarboxyfluorcnMHKic (80) IICj, (CII,CO),0. 

CHsCOjII 
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ORGAXIC BEACnOXS 





1-McthyIisatin 3-oxime Z-Cyano-N-methylpheoylcarbamyl POs. (C,TIj)jO 



'I'AIUiK X— Continued 

c:i,i.:AVAa..! o,.- OX.MR. ano Oxi»tB Db.uvativ.cb 
(“S oconil Oi-(ler” Heclunanii Kcnmingomcnt) 
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ORGANIC REACTIONS 







2-lBOcyanofuran C,n,SO,a, aq. NaQII 

2-Cyanofuran CiU^SOiCI, aq, NaOTl 

2-Cyanophenyl isocyanate I’Clj, POCl, 



'I’AIIM'I X - 

,.,,,OAVAn|.) OX..MKM AN.. OXI.V. D.J.MVAr.V.lN 
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ORGANIC RKACTIONS 





phase under reduced pressure. 




y Mi'ii’/iiUloliytlo nml *^*«y(Uiof»u'ntt a(|. NiiOlt 



a,3,4,5-Tetrahydro-4-oximino-5- 7-Carboiy*l-indoi»cctoiiitrile (70) C,HjSO,Cl, pyridine 

acenaphlhenone 

•(N,N-DimetliyIamino)ethyl 3,4-Melhylenedio*ybeDaonitrilc SOClt, CIICl, 





NO 


ORGANIC RKACTIONS 





f((i//-l’h('nyl 2,l-(litii(rol)cn7.oyI Hciizoic acid .'in<l 2,‘l-<linilrobMi7^)- I’CIj, (C;Ui )30 100 

kotoxiino trilo 







2-ClC,H,CHOnCC,lI,(Cir,OH),-3,4 2-ChJorobenzaldehyde (05) and 3,4* C,IIjSO,CT, NaOlI 
II bia(hydroxymctbyl}bcnzonitrile 
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pp. 152-150. 




nu'lhlno (txiniH 



icid) CaUlyftts and ]■ 


THE BECKMi\NN REARRASGESIEXT 



and 3,S-diphcnyl-l,2,4>uxt 
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ORGAXIC REACTIOKS 




2-C7)Joro-5-ni(roben«aUo»£me 2-ChloTO-5’nitrobemomtn}o (05} I’CJj, 

2-ChIoro-6-nitrobenzaldoxime acetate 2-C))Ioro-S>nitrabeRtoic ad<! IICl 

«j/n-2,0-Dichloro-3-nitrobenz- 2,il-Dic]iloro-3-niUolK!iu»ni(nle I*C1,, (C,ir5),0 
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ORGANIC REACTIONS 
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0|5 1.2,:!,l-'ruti'i\hy(lro-l)-unUinil(lohyilo Unchnructcrizod prodwol reduced lo PClj, (OjLTjjjO 579 

oxime O-antlu-nldohydo with SiiClj 

Nolc; Ueferences 9118 lo 598 lire on pp. 152 -I 5 (i, 



iTienyl N-mothjl nitr 
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nil)l\('iivl iN-ini'tlivl iiitwiii' llonzimiliilo (‘J7) '’f’lj. I’OClj 

cii,coN((’ii,)()('ocn„ (10) {ou,co),o 

nciiVLoiilu'iiono ( 21 ) ami tiu'Miylainino HliCl,, OlICl 



2,4-Ilinitrophenyl N-(4-aimethyl- 2,4-(0,N),C,H,CON(COCrr,)- (CII,CO),0 
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Diphenyl N-ben*hydryl nitrone Benzophenone oxime 0*benzhydryl 

ether (100) 


'THE I1ECK5IANN REARRANGEMENT 


153 


BcreioVskii, K«rd}Hko\8, and Pteobnuhrasku, Zhkr. PrUM. Khim., 22, 533 (1949) 
44, 2403 (1950)]. 

Back anil Ido. J. .4ni. CAfin Sot , 53. 1634 (1931). 

<on Au«cr» and SeJ fried, dan.. 484, 178 (1930). 

••• Hennch, Ann . 351, 172 (1907). 

Terold and Reiclio, J. Am. Chtm.Soe., 79, 463 (1957). 

••• Brewster and Klme. Am. CAem.Soe. 74, 6179 (I9S3). 

•” Vmklerand Autheriwl. Aelt Unn. Sageduiua.Chtm, tt 2. SO (1948) [C.A., 45, 

&S0 (1951)}. 

••• Buu Hot, Iloan. and Ro>er. Bull tor cAim. Fnnre. 1950. 489- 
•” Henrich and Wirth. Brr . 87. 731 (1904). 

Cam, Simonscn, and Sumter. J CAe« Aoc. 1(0. 1035(1913). 

••• von Auwera, Brr., 62. 1320 (1929). 

•« HaaaoUtrom and Hampton, J. Am. Cktm Sot., 61, 3445 (1939). 

*'’> Buu-Hol and Cagniant, Kte. tmr. eAim , 62. 719 (1943). 

4'* Cru3n. CompI.rtnd . 228. 1953 (1949) 

<’• Bua Hoi. J. Org Chnn . 19, 721 (1954). 

«'* Kohler, Am. Cktm. J., 31, 642 (1904) 

Biiu-Hot, Hoan. an<l Xoong. J. Am. Chem Soc , 72, 3992 (1950). 

"♦ Beckmann, Crr , 19, 989 (1886). 

Vargha and aoneay, J Am CAem See. 72, 2738 (1950). 

”'Barhmann, J Am CAem. 5oc., 46, 1477 (1924). 

«• Hudlteky. CAem iWy, 51. 470 (1037) (0 A . 61. 10443(1937)). 

^ Turn^uTl, Ckem 6' lad. t2,o»den), 1956. 350 

Brodikii, /me/ AlaA }CauL SB S.n., OlJH Kk>m., 1949, S (C.A , 43. 5011 (1940)] 

“• Meerwem, Aajew. CAem . 67. 374 (1955) 

“> Exner, CAem Lulg, 48, 1634 (1981) (C A . 49. 14674 (19SS)) 

Lampert and Bordwell . Am CAem. 5or . 73, 2369 (I95i) 

Amat, Bomr, and Douar. Can J. CAem . 35, 190 (1057) [C-A . 51. 11281 (1087)], 
Jlontagne, Bee. true. cA.m., 25, 370 (1006). 

O’ Brady and Mehta, J CAem Sot . 125, 2207 <1924) 

**■ Melecnheimer and Caieer, Ann . 539. 95 (1939) 

“• Sutton and Taylor, J. Ckem Sot, 1«1, 2100 

Sfeiaenheimer, Hansaen. and Wadilarowiit. .7. pnU CAem • I*) 119, 315 (1928). 

•“ Shah and Ichapona, J Unto BomAay. 3. 172 (1934) (C A . 29. *755 (1935)). 

<*> Meisenhaimer, Ann , 539, 99 (1039) 

Scharwinand Schorigm, Ber, 36. 2025(1903). 

Schnackenburg and School, Ber . 36, 654 (1903) 

Betti end Becciolini, Cue: (Aim thif . 45. H. 218 (1915). 

Foccianti, Caer. cAim ilal , 45, O. Ill (1015) 

*•’ Campbell and IVoodham../ CAem Bor. 1952, 843 
Munchmayer, Ber , 19, 1845(1886), 20,228 (1887). 

"• Baither, Ber, 20, 1731 (1887). 

Lamer and Peters, J Chem Soe . 1952, 680 
«> Icary, Ann, rAim (Borw). IJ2) 3, 445 (1948) 

»> Lynch and Reid, J Am Ckem Sot . 55. 2SIS (1933) 
ei* Beckmann, Liesche, and Corrma, Ber . 56, 341 (1923) 

Bradshcr and Swerlick, / Am CAem Boo , 72. 4189 (19501 
«« Cass (to du Pont). U.S pat 2,221,369 (1940) (C A.. 35. 584 dOlHJ- 

Schlock (to Alien Property Custodian), tr 5. pat 2,313.026 (l043)(C A .37, 6078(1943)). 

*” Wicst and Hopf7(to I G Farbeniitd ). Ger pat 736,735 (1943) (C A , 88, 2967 (1944)) 

”• (To Badische Amlm iimi SodoFabnk). Gw Pat. 863.657 (1957) 

*** Lowery, Gar pat. appl D 4,334 (1952) 

*«' Stephen and Slaskun, J. Ckem. Sac , 1956. 4694 

“* Van Krevelen and Da Gelder (to Maatscbappij roor Kohlenbeiverkimg) U.S. pot. 
2,769,000 (1950). 



154 


ORGANIC REACrnONS 


Todd, Clm^o, Konti'^r, ond W'f'hh, J, Chem. Sor., 1950, 1371. 

Doimnima and En;!land (to du I*onl), C.S. pat. 11,7C9,H0T {19.70) [C.A 51, 0065 (I9.j 7)], 
Xovotnv, Czt'ch. pat«. 65,507 and 65,524 (19,57) [C.zl., 51, 40.3 (19.57)}. 

Hildebrand and Bottert, J. .-Ira. Chcm. Soc., 58, 050 (1930). 

Wallach, Ann., 312, 177 (1900). 

*** Oxley and Sliort, Brit. pal. 577,090 (1910). 

“■ Marvel and" Eck. Org. Sgnlht/ir^, 17, 00 (1937), 

<*' Luke.^ and .Smolelc, ColUction Czrcho^lov. Chfm. Commune., 11, 500 (1939) [C.A., 34, 
7808 (1940)]. 

Mokudai and Odn, Suit. Ph*jH. Chfm. lir^farch {Tokyo), 20, 343 (1911) \C.A., 36, 
3049 (1942)]. 

‘S" Riizicka. Ufh-. Chim. Ada, 4, 472 (1921). 

*** (To Dai Nippon Cedlidoid Co.}, .lap, pat. 157,331 (1943) [C.A,, 44, 1531 (1950)]. 

Hopff and \Vie<?t (to I. G. Farbenind.), Gor. pat. 755,944 (1944). 

Stickdom and Hentrick (to Deutsche Hydricrtverkc), Gcr. pat, 919,047 (1954). 

Schlack (to I. G. Farbrnind.). U.S. pat. 2,249,177 (1941) [C.A., 35, 0599 (1941)]. 

(To Bata). Fr. pat. 903,067 (1945). 

(To. I. G. Farbcnind.], Fr. pat. 1.001.570 (1952). 

Oxley and Short, (to Boot.s Pure Drug Co.), Brit. pat. 577,090 (1940) [C.A., 41, 2433 
(1947)]. 

Mollcr, Bayer, and IVibna (to Farbenfabriken Bayer), Ger. pat. 924,806 (1955), 

(To Bata), Belg. pat. 44S.478 (1943) [C.A.. 41, 0570 (1947)]. 

Aikatva (to Oriental Rayon Co.), Jap, pat. 0,178 (1971) [C.A., 50, 3073 (1956)]. 

(To Direclie van do Staatsmijnen ira Limburg), Fr. pat. 1,023,855 (1953). 

•« Taubock (to I. G. Farbcnind.). Oer. pat. 080.902 (1939) [Cul., 33, 2003 (1944)]. 

Tokura, Asami, and Tado, Set. SepU. Itetearch JnfU., Toholm Unit., A8, 149 (1956) 
IC.A., 51, 4944 (1957)]. 

*’• (To Directie van dc Staat.'mijnen im Limburg), Dutch pat. 78,624 (1955) [C.A., 50, 
13989 (1956)]. 

Van Krevelin (to Stamicarbon N.V.), Cer. pal. appl. M 13,706 (1957). 

*** Novotny and Bauer (to Farbenfabriken Bayer), Ger. pat. 834,987 (1952) (C.A., 5L 
14789 (1957)]. 

Cohn (to Brit. Celanese Ltd.), Brit. pat. 750,222 (1950) [C.A., 50, 15579 (1956)]. 

Blaser and TLcchbcrek (to Hertltel and Cie), Ger. pat. 944,730 (1956), 

**’ Cohn, Groombridge, and Lincoln (to Brit. Cedaneec Ltd.), U.S. pat. 2,723,206 (1956) 
[G.A., 50, 15580 (1956)]. 

IVagner and O’Hara (to Olin Matheson Corp.), C.S. pat. 2,797,216 (1957). 

*’t (To Bata), Belg. pa7. 447.859 (1942). 

Barnett, Cohn, and Lincoln (to Brit. Celanese Ltd.), U.S. pat. 2,754,298 (1956) [C.-4., 
5L 2583 (1957)]. 

•'t (To Stamicarbon), Belg. pat. 534,950 (1955). 

*'* Cofiinan, Cox, Martin, llochel, and van Natta, J. Polymer Set., 3, 85 (1948). 
rrt Donat and Nelson, J. Org. Chem., 22, 1107 (1957). 

Schaffler and Ziegenbein, Chtm. Ber., 88, 1374 (1955). 

"t Wallach, Ann., 346, 249 (1906). 

‘t* Wallach, Ann., 332, 337 (1904). 

‘t* Knunyants and Fabrichnvi, Doklady Atad. Saul: SJSJS.B., 85, 793 (1952) [C_4., 47, 
9945 (1953)]. 

Schaffler, Kaufold, and Ziegenbein, Chem. Ber., 88, 1900 (1955). 

(To Inventa .A. G.), Stvlas pat. 287,863 (1953) [C.A., 49, 2490 (1955)]. 

Kipping. Proe. Chem. Soe., 1893, 240. 

Peters, Ber., 40, 240 (1907). 

•'t Pailer and Allmer, Monateh., 86, 819 (1955). 

Mosher, Parker, Williams, and Oakrvood, J. Am. Chem. Soe., 74, 4627 (1952). 

*” Morris (to SheU Development Co.), TJ.S. pat. 2,462,009 (1949) [C.A., 43, 3451 (1949)]- 
Slonfgomery and Dougherty, J. Org. Chem., Vi, 823 (1952). 



THE BECKMASX REARRAKGEilEKT 


155 


*" lUaJ and Cook, J. Chrm. Soc^ 127, 2782 (1925). 

*” Wallach and Fritzeche, ^n» , 330, 217 (1901). 

‘•® Cusraano, Gazz. cAiw ital., 42. 1, 1 (1919). 

Burrows and Eastman. J. CArm.&>c . 79, 3756 (1957). 

Hardy, Ward, and Day. J. Chtm. Soe, 1956, 1979. 

Knunyants and Fabrichny;, Dalladg Alad A'aiil SSS.R^ 68, 523 (1919) [C.j4, 44, 
1169 (1950)]. 

Wallach, Ann . 408, 163 (1911). 

*’• Lloyd, Mattemas, and Homing, J. Jm. Ckem. Soc.. 77, 5932 (1955). 

••• Barnes and Beachem.^. 4 m. CAm. Soe.. 77, 5398 (1955). 

Walbaum, J. proll. CAem . [2] 113, 166 (1926). 

“• Ruzicka, Htlc. Chim. AcUi, 9, 230 (1926). 

*” Cassaday and Bogert, y. 4m CArm. £oe.. 63, 1152 (1911). 

*" Litvan and Robinson. J. Chin. Sot.. 1938. 1997. 

Kaufmann, iltm. Congr. tunl. .Var . Jl'. Cm«iwjr»o L’ntr, ileiieo, S, 107 (1953) 
[C^.. 49, 7585 (1955)}. 

Schmidt-Thom«. Grr. pat. 871.010 (1919) (CAem Zratr, 1953. 6938) 

Roscnkrania, llaneera, Sondheimet. and Djerassi, J. Org. Chm . 21, 520 (1956). 
Buckmuhl, Ehrhart, Rusrhig, and AoBulIer. Car. pat. 723,615 (1912) [CA., 87, 5558 
(1913)). 

Schmidt Thom#. Angite CAcm . 67, 71$ (195$) 

Barnes, Barton, Fancelt, and Thomas. J. Chtm.Sot . 1952, 2339. 

Sehenck and Kirrhof, Z pAystof. CArm.. 166, 112 (1927) 

*•' Borsche, .VocAr. tgt. Oit. irws. <7«n>a^. 1920, 192 (CAem Zenir., 1921, m, 171). 

>*' 8chmidt-Tbom«, Ann., 603, 13 (1937). 

Sehenck, Z. pAysiol. CArm.. 128. $3 (1933). 

Sehenck and Kirchof, Z. phgitet Chtm , ISO, 107 (1929) 

"* Scltenck, Z. pAysiol. CAcm . 89. 360 (1911). 

“* Sehenck, Z. pAysiol CAcm., 211, 8$ (1932). 

•It Sehenek, Z. pAysioi. CAcm.. 263, $3 (1910) 

Tauda and Hayatsu, J. Am. Chtm Sot . 78, 1107 (1916). 

Djerasat and Hodges, J Am. Chtm Sot., 78, 3531 (1956) 

Diekerman and Lindnell. J. Org. Chtm , 14. 531 (1919). 

*>• Cymerman-Crajg and U lilts,./ CAcm. 8oc.. 193$. 1071, Steinkopf, Ann . 403, 17 (1911). 
Fold), AelaChm, Acad. Set Hung. 9. 307 (1955) (C.A . $1, 1983 (1957)] 

Van der Meer, Koffmann, and Veldstino. Acc (roe CAim., 78, 236 (1953) 

Rumpel. ArtA. Pham , 237. 233 (1899) (CAcm Zc-fr . im. I. 1281. 1900, 11, 381). 

••• Itameli, Cots. cAim , 55. 759 (1926). 

•” Hennion and O'Bcian, J. Am Chtm Sot.. 71. 2933 (1919) 

**• Truce and Simmons. J Org. Chtm , 28. 617 (1957) 

OstrogOMCh and Tani»Iau, Gazx ehtm. stol . 66, 672 (1930) 

••• Stark. Act.. 40. 3123 (1907). 

•>’ Etienne and Stacheln, CompI rrnJ.ZVK 1900 (1950) 

•» Matsumura. /. Am Chtm Sot . 57, 121 (1935). 

•» GaUnan-sky and Kama. .t/enatcA . 77. 137 (1947) 

“• Villiani and Papa, J Am Chtm Sot . 78. 2722 (1950) 

Van Ark, ArcA. FAorm . 838. 321 (1900) (CAcm Ztmlt. 1900. II. SSI) 

Burger. Wartman. and Luts.,/ Am CAcm. Sec . 60. 2628 ()938) 

Nobia, Blaj-dmeili. and BUney. J. Am Chtm Soc . 75. 3381 (1953) 

Buu-Hol. Lescot, and Xuong. J. Chtm Soc . 1958. 2408 
*•* Buu.HoIand Iloan.,/ Org CAcm , 17, 613 (1952). 

*>• Buu.HoI and Ro}-er. J Ory CAcm . 16. 1198 (1931) 

Ghigi. Her . 75. 1310 (1942) 

Denary and PsiHe. Per . 57. *78 (1921) 

••• Schapf. Ann.. 452, 211 (1927) 

Fu3onandKao,y. Am. CAcm Aee . 54. 318 (1932). 



15G 


ORGANIC REACrnOXS 


5** KGinfr=. Bcr„ 40, C4S, 2S73 (1007). 

*** Small and Mallnmi../. Org. Chfm., 5, 2SG (1940). 

Kohler, J, Am. Chetn. Soc., 46, 1733 (1924). 

Borscht*, J3er., 40, 737 (1007). 

Bcchmarm ond Ko«ter, Ann., 274, 1 (1S93). 

Blatt, J. Am. Chsm.Soc., 56, 2774 (1934). 

Rydon, Williams, and Smith, J. Chem. StfC., 1957. 1900. 

Badger and Seidlcr, J. Chem. Soc., 1954. 2320. 

*** Graebo and Honigsbcrger, Ann., 311, 257 (1000). 

Green and Sa\*ille, J. Chtm, Soc.^ 1956, 38S7. 

Diels and Van der Leeden, Rer., 38, 3357 (1005). 

Reis«?rt, Rcr.. 41, 3810 (1008). 

Goldschmidt. Ber.. 20. 484 (18S7). 

Konovralov, J. Phg8.‘C}icm. Soc., 33, 45 (1901) {Chem, Z.tnlT.^ 1901, D, 1002). 

Leuckart, Ber., 20, 110 (18S7). 

•'* Nagata and Takoda,,/, PhnTm.Soc.Japtint 72, 15CG (1952) [C.A., 47, 10504 (1953)]. 
Blaise and Blanc, Compf. rend., 129, 88C (1899). 

Komatsu and Yamaguchi, 3/«m. Coll. Sci.t Kyoto Imp. J7ntr., 6, 245 (1923) [C-d., 
17, 3495 (1923)]. 

Wnllach and Rojahn, Ann., 313, 3G7 (1900). 

Diels and Sharkoff, Rer,, 46, 1862 (1913). 

Diels, Buddenberg, and Wang, Ann., 451, 223 (1927). 

Haller and Bauer, Compt. rend., 156, 1503 (1913). 

Rappoport and Pasky, J. Am. Chem. Soc., 78, 378S (1956). 

Blatt and Barnes, A. Am. Chem. Soc.» 58, 1900 (1936). 

Gheorghiu and Cozubschi»Sciurevici, Ann. eci. univ. Jcuty, Sect. 1, 28, 209 (1942) 
[C„4.. 38, 3276 (1944)]. 

^latsumura, J. .4m. Chem. Soc.^ 57, 955 (1935). 

*** Rappoport and Lavigne, J". Am. Chem. Soe.^ 75, 5329 (1953). 

5<* Bcntly and Ringl, J. Org. Chem., 22, 424 (1957). 

*« Pindlay, J. Org. Chem., 21, 644 (1956). 

*** Baiardo, Gazz. cTifm. ital., 56, 507 (1920). 

**> Hauser and Hoffenberg, J. Org. CAem., 20, 1496 (1955). 

Bamberger, Ber„ 33, 1781 (18S8). 

Brady and \\'hitehead, J. Chem. Soe., 1927, 2933. 

Heisenheimer, Theilacker, and Beissseenger, Anm., 495, 249 (1932). 

Brady and Xhinn, J. Chem. Soc., 123, 1783 (1923), 

Ponzio and Avogadro, Gazz. cMm. ital., 53, 311 (1923). 

Hartinet and Coisset, Compt. rend., 172, 1234 (1921). 

*'* Ressy and Ortodocsu, Bull, eoc, chim. France, [4] 33, 637 (1923). 
llolnch and Hinslow, J. Org. Chem., 20, 1311 (1955). 

Coldwell and Jones, J. Chem. Soc., 1946, 599. 

Coleman and Pyle, J. Am. Chem. Soc., 68, 2007 (1946). 

5*3 Pechmann, Ber., 80, 2791, 2873 (1897). 
su Krohnke, Ann., 604, 203 (1957). 

Scholl and Donat, Ber., 64, 318 (1931). 

Oddo and Curti, Gazz. chim. ital., 54, 577 (1924). 

Blatt and Russell, J. Am. Ct^em. Soc., 58, 1903 (1936). 

*** Fox, Dunn, and Stoddard, J. Org. Chem., 6, 410 (1914). 

'** Terent’ev and Makarova, r«fmT- Moelov Vnir., 1947, Xo. 4,101 [C.A., 42, 1590 (1945)]- 
Buu-Hoi, Royer, Daudel, and Martin, Bull. eoc. chim. France, 1948, 329. 

Hukki, Ada Chem. Scand., 3, 2SS (1949) [C..4., 43, 7916 (1949)]. 

Kaslovr, Denser, and Goodspeed, Proc. Indiana Acad. Sci., 59, 134 (1950) (C.A., 45, 
8534 (1951)]. 

5»‘ Bahner, Scott, Cate, Walden, and Baldridge. J. Am. Chem. Soc., 73, 4013 (1951). 

V. Schicldi (to Badische Anilin nnd Soda Fabrik), Ger. pat. 1,024,515 (1956). 

(To Stamicarbon), Dutch pat. SI.03T (1956) [C.A,, 51, 2o53 (1957)]. 

*** Samlo, Lemetre, Giolitti, Marahini, and Pierucci, Chim. c ind. (3/iZan), 39, 905 (1957). 


CHAPTER 2 


THE DEMJANOV and TIFFENEAU-DEMJANOV 
RING EXPANSIONS 

PcTEn A. S. Suini and Donald R. Baer* 
Uninraity of .UtVAi^n 


CONTENTS 

l.VTSOBVCTJOV .......... 

^tecnANtssc 

Scon AND DutTATtONS 

Ilini! Size ........... 

VnualuralM ..... ... 

Ifelorwyclif Hinps 

Alkyl And Ar>l Subftitution ..... 

ltic)r]ic An<l I’ol>ryrIi(> Syvtfin* . .... 

nmjn Subxtitiitml tritli Otlicr Funcltonal Group« .... 

ArmCATio to Swriiesis . . ... 

F.xreRiMc.'rTAL Co^tl^'^o'9 ... .... 

ExpKRiMEVTAt rnoccpvnes . . ... 

Cj clohopf AnonP 

3-I!jilroT}ilodPca>ij<1roJiepf«Wne and IVc«hjdro>>^ptalcneby theDejnjaj 
RpBrrangem«'nt 

Cyclolirptanol by tlie IVmjanov Rrafranpemant 
Cjrlooctanona by tho Tiflon^au I>«njBno\ Beerrangemwit 

TAIllLAnSl.R%E\ .... 

Table I. Mononuclear Carbocjclic Rmfs 

Table 11. rolynuclear Carbocjclic Systems with Fusion at a Single Side 
Table HI. rolynuclear .Systems with Fusion at More than One Edge 
Table IV. Ileterocy clic Ring* 

• Preseiit aildress Jackson Laboratoiy. C I du Pont de Nemours and Comps 
Wilmington, Delaware. 

153 



158 


ORGANIC REACnOXS 


INTRODUCTION 

The reaction of aminomethylcycloalkanes ■with nitrous acid to produce 
cycloalkanols in which the ring is larger bj’’ one carbon atom is known as 
the Demjanov (Demianov, Demjanow, Dem’yanov) rearrangement. 
The fir.st example of this type of ring expansion was encountered by 
Demjanov and Luschnikov in 1901,^ but was not recognized until 1903 
when cyclopentanol was identified as one of the products formed from 
cyclobutanemethylamine.2 Since that time the reaction has been 

CHj — CHCHjXHj CHj — CHOH 

nxo, 1 \ 

J- CHj -f Xj -f HjO 

1 / 

CHj— CHj CHj — CHj 

extended to rings of man 5 ’ sizes. Olefins almost invariably accompany the 
alcohols that are formed. The Demjanov rearrangement includes within 
its scope the rearrangements that occur when acyclic amines are treated 
with nitrous acid as well as the ring expansions considered in this chapter. 

A highly useful extension of the Demjanov reaction, reported in 1937 
bj’ Tifleneau, Weill, and Tchoubar,® consists of the treatment of l-amino- 
meth3’lc}'cloalkanoLs with nitrous acid, forming ring-enlarged ketones. 
Since Tifieneau s name is associated with other reactions, the term 


(CHoln 


CH,XH, 


‘OH 


-CH, 


HXO, 
)- 


(CHz)„ 

) 


-f Xj -h HjO 


-c=o 


Tiffeneau-Demjanov ring expansion will be used in this chapter to 
designate ring enlargements bj' pinacolic deamination. 

Inasmuch as both alcohols and ketones can be converted readilj' to 
amines, and ketones can be converted to amino alcohols, the Demjanov 
or Tiffeneau-Demjanov ring e.xpansion can be made the ke\' step in the 
conversion of a cyclic alcohol or ketone into its next higher ring homolog. 


-MECHANISM 

The Demjano\ ring enlargement maj' be regarded as a special case of 
the rearrangement which so often accompanies the reaction of aliphatic 


* D‘*:njftTiOv and 

1801, n. 33.-,). 

* D-mjanov and 
1903, 1, h2S). 


Lu--hnil:ov. J. Itutg. Ph’je.-CUrn. K'x., 33, 279 (1901) (Chtm. Z’ntr., 
I-n-chnikov, J. Uiu‘. n^jr.-Ch'm . S'k., 35, 20 (1903) tCh'rn. Z'rJr.. 


' Tifr< n( a-.i. W< ill, end Tchonbar, Comj.t. Tend., 205, 54 (1937). 
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primary amines \\ilh nitrous acid. Accordingly, information concerning 
its mechanism can Imj derivc<l from InTcstigntions of analogous reactions 
of acyclic coinjwunds. Similarly, the Tiffcneau-Demjatiov ting expansion 
may be regarded as a special case of the scmi-pinacol rearrangement, or 
pinacolic deamination. 

Recent extensive kinetic investigations have establL-hed uith high 
probability that the initial step of the reaction of most, if not all, amines 
with nitrous acid involves the free amine and a derivative of nitrous acid, 
such ns XjO,, and results in the formation of a diazonium ion.^"*® Such 
an ion is unstable in an aliphatic system, and may lose nitrogen by several 
possible paths or lose a proton from the «-carbon atom to give a diazo 
compound. Since the product formed by ummoiecular elimination of nit- 
rogen is a earbonium ion, the large l>ody of information about the behavior 
of earbonium ions is applicable to nonreductive deaminations in general. 


lliCIINII, + (UNO,) It* ►lt,CHN,* «« n,CN, 

»»,/ I 


R,CnD ■ IljCn* -» I’roducis of rearrangement 


Both the Demjanov and the Tiffenenii-Demianov ring expansions are 
commonly regarded os special cases of the rearrangement of a earbonium 
SoD.ii-u It js immediately seen that rearrangement is always competitive 
with a displacement reaction which precludes rearrangement, as well os 
with the possible combination of the uniearranged earbonium ion with a 
base. Coasequeiitly it is not surprising that rearrangement is generally 
only one of several reactions that take place 

These considerations are illustmtcd by the reaction of cyclohexnne- 
methylamine with nitrous acid in dilate aqueous acetic acid.** The 

* Auatm, Hughcf, IngoU, and Ridd../ Am CA«in for . 74, 5S5 (1952). 

* Hughes, TngoM, and Ridi), J Clum Soe . 1958. 58 
' Hughca. IngoM, and Ridd. J Chtm Soc. 1958. SS 
’ Hugh<«. Ingald. and Bidd, J. Chrm Soc . 1958. 77. 

• Hughes, Ingold and lUdd..! ^.19S8,8S 

• Hughps and Itidd. J. Chtm. Sot . 1958. 70 
” lIughM and Rid.l, J. Chtm. Sot . 1958, 82 

” HOcksl and W.hp, J rroll Chtm . |2J 158. 21 <19M) 

Tohoubar, Bull soc thim Frantt. 1981. C44 

Whfland, AdountKl Otgomt Chrmutry, p. 512. John Hilpjr 4 Sons. N>w Vorfc. 1949 
“ Alexandof, PrineipUs of /onie Organtc Reaeliono, pp 49-Sl. John Wiley & Sons.' New 
York, 1950. 
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products whicli result are cyclohexylcarbiiiol, l-metliylcyclohexanol, 
cyclqheptanol, the acetates of tliese alcohols, and a mixture of isomenc 
olefins (cycloheptene’^' and presumablj" some methylenecyclohexane and 
l-meth3dcyelohexene). Cycloheptanol ' and its acetate are the principal 
products. Rearrangement bj* migration of a hj'dride ion or a ring carbon 



atom as shown is to be expected from the consideration that a secondarj’ 
or tertiarj* carbonium ion is therebj- produced from a primarj’ one, in 
accord with the knoum relative stabilities of such species.*® Predominance 
of ring expansion over the formation of tertiary alcohol is a fortunate 
circumstance arising from the higher entropj" of activation required for 
hj’drogen migration,*® 

The acetate esters are formed in amounts out of proportion to the 
stoichiometric concentration of acetic acid; the relative preference.s of 
carbonium ions for the various nucleophilic species that may be available 
to them are governed by somewhat complex considerations which have 
not been completeh- elucidated.**-®® 

Ruricka and Bni^eor, H(h\ Chim. .drta, 9, 399 (I92C^. 

Do^trov=ky. and Inrrold. Chrm. Soc^ 1946, 173. 

Taft. J . .4m, Ch^m. 78, 3^13 (IP501. 

H:nf, Phyirnl Or^mir pp. 134-IC7. >rcGra^.HilU Xfir York. I9SC. 
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a common .‘-el of intermediate.^ deducetl lo have j^lnictnre.'^ represented 
by 1.=' 

The mechanisms of the TilTencau-Demjanov and the Ijcmjanov ring 
expansions are fundamentally the .‘^ame. However, two important 
efieets are operative in the fonner that favor ring expansion. There is no 
hydrogen atom in the imsition from which it could migrate in competition 



I 


r 


CKo— -CHo 
[I ^ 

I 

CH,- 


-CH 


with a ring csirbon atom ; also, the ion resulting from rearrangement bears 
its positive charge on a protonated carbonyl group, an arrangement 
generally of much lower energy than a simple carbonium ion .structure. 
As a result, ring expamsion Is more complete, and the product does not 
contain the sub.stantial amount of olefin.? found in the Demjanov reaction. 
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Ina con'^iderntion of tho expansion of unsymmetrical rings, the question 
of “nugmtion aptitudes*’ arises. The same circumstance introduces the 
possibility of diastercomeric nminomethjdcycloalkanes, and with it the 
possibiht 3' of steric control of the direction of enlargement. Experimental 
evidence to resolve these questions is incomplete and in part contra- 
dictory,** However, tJiere is partial ei’idence for steric control of the 
course, of the Tifieneau-Dcrajanov expansion in the steroid field.*®"” 
Since steric control has been demonatrated in the analogous noncyclic 
pinacohe deamination,” and the pertinence of conformational factors has 
been justified in a general way,**-** steric control in ring expansions seems 
probable. 


SCOPE AND LIMITATIONS 

Ring Size. All ring sizes from cj'clopropane**- *‘ through cyclobctane** 
have been e.xpanded b}’ tlic Remjanov method with some degree of 
success. The ratio of the yield of the alcohol with one more carbon atom 
in the ring to the alcohol with the same carbon skeleton as the amine 
varies from 1 . 1 for cyclopropanemethylamine** through a maximum of 
>3:1 for cyclobutone-* and cyclopentane-methylnmines** to 2 3 for 
cyclooctanemethylamine,” The presence of substituents on the rings 
would be expected to change these ratios. It appears that the Demjanov 
expansion is most u<erul for the preparation of five-, six-, and seven- 
membered rings, and is of considerably less value for tlie preparation of 
smaller or larger rings. 

The TifTeneau-Demjanov expansion has been successfully applied to 
the preparation of five-,” six-, seven-, eight-, and nine-membered rings *• 
with a slight decrease in yield with increasing ring size It has not yet 
been applied to the expansion of three-membered rings. Whenever a 
comparison has been made the Tifleneou-Demjanov method has given a 
higher yield. 

Unsaturated Rings. Two cycJoalkenemethjlamines liave been 
studied, each one having a double bond on the carbon atom holding the 

»• Wendler. T»>ib. and SUte*. J CAem. Soe . 77, 3359 (I93SJ. 

»« Goldbfrg «n.l Studor, C*»m. AeKi. U, Z95E (IMl). 

“ Heu^ecr, Furst. •nd Flattiwr, IMt CHim ,lc<a. 33, 1093 (1930) 

•• Ramire* and Staflej, J Am Ckm Sec . 77. 134 (1935) 

>• Ramirez and Staflej.J Am CAon. Sac , 78. 644 (1936) 

Poliak and Curtm, J. Am Ckim Sat . 78. 961 (1950) 

•* Cram and McCarty J.Am Chtm S« . 79, 8966 ( 1957) 

Roberta and Mazur. J Am Chtm 500.73.2569(1931) 

■’ Smith, Baer and Ege J Am Chtm See . 76, 4564 (1954). 

•’ Roberts and Gorham. A Am. C/ltm Soe . 74. 8276 (1932) 

•• Ruiicka, Plattner, and Wild, Halo Chtm Atta. 86. 1631 (1943). 

” Tchoobar, Bull Mr cAim. Frnnrr, 1949. 164 
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aminomethyl group. Cyclohexene-l-incf hylnminc (II) fonns onl3' the 
unrearrangecl alcohol, and aminolerebcntlicne (III) undergoes an allylic 
rearrangement, but not ring expansion. In the latter ca.se the results 
must be interpreted with caution since uncertaintie.s ns to the structures 
of the starting material and product exist. 




in 



CH2OH 


There are no data regarding the effect of an isolated double bond in a 

simple nng system, but expansion would be expected to be less affected in 
these cases. 

Heterocyclic Rings. Of the small number of aminoheterocyclio 
compounds to which the Demjanov expansion has been applied, 2-amino- 
43 P3Trole (IV) and 2-aminomethylpyrrolidine (V) have given low 



t«trahydropjTidine, respectively.^ It should be 
staler, P°®'tion of the nitrogen atom inevitably involves it in the 

trenr f t -- fo^ed in the rearrangement. The 

renorted e. “ supported by the success of the single 

r nT 3 am 1 T'«~Demjanov expansion of a heterocyclic 

yfeW.^ ^ gave R-homotropinone in good 

“ Jacquier and Zaffdoun Bull i- 

42 -pt.+r^cU- T -n ~ ’ -“WH. ^r>c. cmm. France, 1952 6 Q 0 

“ Cope. ^5, 3996 (1931,]. 
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One stiJfur heterocjcle. S-fJieii^’lamine (ni), has been shown to gne 
the unrearranged alcohol VIII nnd a small amount of what appears to be 
hydroxythiop 3 -ran (IX). Complete ring enlargment of 2-aminomethyl- 
furan to S-hydrexj-pyran has been reported.**^ 

C^CR,NHj ^ C^^CHiOH * 

VII Vlll IX 

Alkj'l and Aryl Substitution. Three cases of significantly different 
consequences can be distinguished; substitution on the nmmomethyl 
carbon atom (R in the following formula); on the ring carbon atom 
attached to the nininomefhyl group (R'), and elsewhere on the ring (R'). 


R 



Substitution of an aryl or alkyl group on the ominomethy l sule chain 
(R) invariably hinders both the Dcrojanov and the Tiffeneau-Demjanov 
expansions. Thus a-cjelohexylethylamine (X)**-*’ and its 4-methyl 
derivatives^' ** do not give detect.-ible amounts of cj cloheptnne derivatives, 
and K-cycIobutyl- nnd a-c}'cloj>eMtyl-ethj'lamine give less expansion than 
retention of ring size The presence of a phenyl group introduces an 
even greater hindrance to ring expansion «s evidenced by the fact that 
no Demjauov-tj'po ring expansion occurs when x cj'dopentvi-” or 
st-cyelohex^-J-benzylnmine** is treated with nitrous acid. Only the 
unreairanged atcohoN are obtained Further proof of the stabilu.itinn 
of the benzj-1 cation is shown by the fact that 2-pheiiylc,\clohexyl.amino 

“• ColoHjW Bjid Corbel. ro»i,W rtn<l 247. :>*> 

** tVoUsch nnd I'ohle. .Voe»r 0*» II •»* UoUtnam 1915. l-tJ (I6/I( (CArm Z,nlr. 
1915, n, »J3), 

“ ElphimofTFelkiii nnd Tchoubnr, C<N»pr mni . 235. T»» {mil. 
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contracts its ring to form the same alcohol that arises from a-cyclopentyl- 
benzylamine on treatment ivith nitrous aeid/^ The same results are 
obtained in the Tiffeneau-Demjanov expansion of tliree different 
hj droxycj’clohexyl)benzylamines (XI). Five-membered rings containing 



XI 


Ar = CeHj. p-CHjCsH^, P-CH3OC5H,. 

an aryl group on the aminomethyl side chain, in contrast to the.six- 
i^mbered rings, -n-ill enlarge under the Tiffeneau-Demjanov conditions. 
Thus 3:-{l-hydroxycyclopentj-l)benzylamine (XII) produces about equal 
amounts of e.xpanded and nonexpanded rings. Since both alkyl and aryl 




KH2 

XU 




•substitution particularly the latter, increase the stabilitv of a carbonium 
ion Mch substitution on the aminomethyl side chain saps'the driving force 

11 asTv Trr"’ 

ion ‘ » ™ore stable ri-pe of positive 

.on, doe, expansion occur when the side chain bears an alkwlVoup. 


» a.,d Maienlhal, J. 72 , 4 S 23 ( 1930 ). 
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Thus l-(x-ninmoalkj-l)cyclohexi»nol3 (XIII) rearrange readily to give 
S-nlkylcyclohepfnnones.*’ 



XIII 


In coTitrast, substitution at the nng carbon atom attached to the 
aminomcthyl group (U') would be cxpccterl to favor expansion. Evidence 
on this point is confined to four examples, in which there are some iin- 
certaintie.s about the structures of the products. a-{l-Phen 5 'Icyclo- 
pentyl)ethylamine appears to undergo ring expansion without occurrence 
of aide reactions to an appreciable e.xtent, showing that a 1-phenjl group 
can completely override the hindrance to nng expansion due to a methyl 
substituent on the side chain.*’ Two cyclopcntanemethylamine deriva- 
tives bearing 1 -methyl groups and 1-methylcyclopropylmetliylamine** 
have been found to give rmg-enlarge<l alcohols,****® indicating no adverse 
nffeet on ring expansion of the sulwtitution of the 1-cnrbon atom. 

Substitution on a ring carbon atom m a position other than the I 
position does not significantly affect the course of the expansion reactions 
if the substituent is sjTnmetrically placed. Thus 4-methyicyclo- 
hexauemethylamine*’ and 4-methyl-l-hydro.xycycIohe.xanemethylamine 
give good yields of 4-methylcycloheptanol and 4-methyl- 
cycloheptanone, respectively. 


'OC 



XIV 

An unsyrametrically placed substituent on an aminomethylcycloalkane 
or aminomethyleycloalkanol gives rise to the possibility of alternative 
directions of expansion leading to products which are position isomers. 
In most cases of this type, mixtures have been obtained with one isomer 
usually predominating markedly over the other if the substituent was in 


Elphimoff F«.!km snd Tchoobar. rtmt . 233, Ml (1951) 

Bredt, J. praU. Chtm . [2), 85, 70 (1817) 

Error#, Cost rS.m Unl.. 22. II, 109 (1892) 

Rupe and SpIiHgerbrr. Btr . 40, 1311 (1907) 

Qudr.t . Khud# .od OhoBh. J CUm Soc . 17. 19 (1910). 
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lUH 

tlu! '2 pd'ition. TIitH 1 -.iniinoinflhyl-^-incliiylcyclolifxaiidl (XV) gave 
a (Hi yield of hetoiu-s ef)n'^i‘'ting of 2 - aiul .'{-tii'-ilivlfvelfHiejitanone in t!ie 
proportion 1 : !), while l-runinoniethyl-H-tnethyleyelohexunoI gave 3- and 



d-rnethylcycloheptanones in nearly equal ainounf =.»o Other exarnploi are 
encountered among the hieytlic eotnpounrlf; (r-ee the next section) and in 
the tables. Information on the Demjanov e.xpansion of uns%'ininetrically 
substituted rings is limited to the indication that mixtures are 
produced.^’- ■'* 

■Since diastereomers cjf unsymmetricaliy substituted evelic conifejuncls 
are pos.dble, the probable steric control of the direction of the e.xpansion 
murt be considered (see p. 103). The .stereochemical nature of the 
amine be subjected to ring e.xpansion will depend on the method by 
which it was prepared. It is thu.s probable that the ratio.s of position 
isomc-i^ are determined at lea.st in part by faetoni governing the rcactioas 
by which the amines were prepared, and that different routes for .synthe- 
jizing an amine ma\ le.sult in different ratios of the position isomers cjf the 
product of ring expan.sion. 

■Sinee the amino alcohol.s required for the Tiffeneau-Demjanov ex- 
paasion are usually prcxluced by reduction of an addition product of a 
ketone (such as a cyanohydrin), a substituent in the 2 position ha.s a much 



Earfer. Hdc. Chim. 23, 51'J (1S40). 
Earmer, Chim. Acta, 23, 524 {1240), 
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greater intlueiice than one further removed from the site of reaction, ^ince 
it influences the stereocheinUfrr of the addition pnxluct. Similar 
eon'idemtions presumably apply to the Demjanov expansion; however, 
the stereochemical nature of the amine is usually determined by a 
re<liicti\c step, such ns the hydrt^natiou of an iinsaturated nitrile. 

Bicyclic and Polycyclic Systems. The principal synthetic appli- 
cation of the Demjanov and TiiTeneau-Demjanov ring expansions has 
been to jKilynuclear s\-stems. Apart from the formation of pasition 
isomers when the aminoniethyl group is unsyinnictrically placed, ring 
exjvansion proceeds normally by l>oth methods. Thus 5-aminomethyl- 
hydrindane has Iteen eonvertwl to a mixture of isomeric bieyelo[5.3.0j- 



XVI 


deennols,”-*' and 5-nminomethylhydrindan-5-ol (XVI) has t>een con- 
Terted to a mixture of bicycto{o 3.0)dec.anones (largely the 4-isomer) in 
useful yields. A mixture of 1-keto- and 2 keto-hexahydropentn]ene in 
the ratio R5 : 15 has been obtained from C-aniinomethyIbicyclof3.20]-2- 
hepten-O-ol (XVII).** Kxpansion is successful when one nucleus is aro- 
matic, AS shoun by tlie conversion of ^•aminometh 3 *l-/ff-hydrindenol 
(XVIII) to ^-tetralone.*® 




xvm 


A number of steroids iiave been converted to ring homologs by the 
Tifleneau-Demjanov method The expanded ring was in all eases fused 

“ ArnoUl, Ber., 78. TT7 (1913) 

•• Plattner, Foret, »nd Studer. Hih f^ioi. 30. 1091 
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to ft saturated cyclohexane riiiK, hut other j)ortions of tlie molecules 
contained hcii'/.enc nuclei, efhylenie double bonds, ester groups, In'droxyl 
groups, or an epoxide grouji. Of particular ititerest is the fact that the 
stereochemistry of the ring fusion of the expanded ring was a])parently 
undisturbed.-". Tliroughoiit the.se examples the exj)anded ring was 
un.symmetrical and tlic formation of i.^-omeric ketones was to be e.vpectc-d, 
but in ])ractice one i.somcr always predominated. Thus from the hydro- 
genated cyanohydrin of /rfOM-dchydroandrostcronc acetate (XIX) there 
xvas obtained of 3-//-acctoxy-17a-kcto-i)-homoandrostane (XX) and 
o°o of its IG-keto isomer (XX However, when the dia.stcreonicric 
cj’anohydrins were separated beforeliand, llie major isomer gave only the 
17o-ketone.^' 




XXI 

Expansion of rings that are part of a cage structure has been accom- 
plL.hed by the Demjanov route. Thus 2,.5-endomethvlenehexahydro- 

benzylamine (XXII) gave bicyclo[3.2.1]octan-2-ol (XXIII) in good 
jneld,^ and cj-aminoisocamphane gave an R-homocamphenilol of un- 
certam positional and stereochemical nature.^® The opening of a bicycUc 





xxn 


xxm 


Acta, 25. 1553 (1942) 

' OoHberg end Wydkr. Htlr. CTa'm. 26 1I4->(19431 
- Ko^blun. end IfUand..!. C5ee.. W. 

Lipp, De~auer, and Wolf, .4nn., 525, 271 (I93S). 
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structure is illustrated by the behavior of bornylamine (XXIV).*® Tlie 
major products, camphene and its hydrate, are the result of the usual 
Derojanov reaction; as a consequence of the bicyclic structure, the 
expansion of the ring not bearing the amino group simultaneously con- 
tracts the other ring. Jn addition, about 20% of (+)-ix-terpineol (XXV) 
is formed ; the opem’ng of the tronsannuiar bridge can also be accounted 
for as a carbonium ion rearrangement. Isobornylamine gives only 
camphene and its hydrate. 

^OH 

XXIV MV 

Rings Substituted with Other Functional Groups. The informa- 
tion about the eQect of other functional groups on attempted ring expan- 
Bion is limited to the several examples cited in the discussion of steroids, 
ft few hydroxy compounds, and to two halogen compounds. 

Compounds containing a hydroxyl group attached to the caibon atom 
bearing the aminomethyl group present the special case of the Tiffeneau- 
Demjanov ring expansion A hydro.tyl group in the 2 position of cyclo- 
hexanemethylamine has been reported to prevent ring expansion.*’ 
From the trarw isomer XXVI a mixture of the corresponding glycol and 






XXVI 

2.methylcyclohexanone is obtained, and from the cw isomer cyclo- 
hexanecarboxaldehyde is also formed. ira»M-2-llydroxycyclopentane- 
methylamine similarly gives 2.methyl(yclQpentanone and the i^earranged 
glycol. From 2-methyl-2-hydroxyc3-clohexanemethylamin^ only the 
glycol was obtained. 

Hnlogenated rings show less tendency for ring enlargement 2-Chloro- 
cyclohexnnemethylamine is reported to undei^o no rearrangement.** 


•• Hftckel »r 
** Mbueseror 
** MouMffron 


„d Nerdfl. Aon.. 628. 87 (1»3T). 

n JuUien. and WmtmiU, Campt nnd^ 826, 1809 tlUt). 
Jalli«n. •nd Bvll.aoc. tSim. Franet, IMS, 878. 
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•Since 2,2,3,3-tcf rafliioroc\’clobutanemethy!amine gives the unrearranged 
alcohol na the .sole 7 )roduct,“ it appears that the presence of highly 
electronegative substituents such as fluorine inhibits ring expansion. 


APPLIG.\TION TO SYNTHESIS 

riie Demjanov ring expansion can be made the essential step in the 
conversion of a cj’clic alcohol into it.s ring homolog when combined with 
one of .several methods for jjreparing the aminomethyl compound from 
the alcohol. The obvious route via the cycloalkyl halide, cyanide, and 
reduction is not generally used becau.se the reaction of a cvcloalkyl halide 
vith cj’anide usually gives a poor yield of nitrile. Alternatively', the 
cy’anide can be obtained via the Grignard reagent and the carboxy’lie 
acid. The alternative that often pre.sents advantages consist.s of oxidation 
of the alcohol to a ketone, followed by preparation of the cyanohydrin, 
dehydration, and reduction.*’ In many cases direct reduction of the 
cyanohy'drin is possible, and then the TifTeneau-Demjanov expan-sion is 
u.sed. TJnsatUrated nitrile.s can be reduced successfully by catalytic 
hydrogenation” or with sodium and alcohol.i’.^i A sh'ghtlv longer route 


(CH.)„ CTOH -+ (CHj)„ C=0 (CHj)„ C 


OH 


-CH, 


-CH, 


-CH, 


CN 


(CHj)„ CCN 

If'' 


CH 


-CH, 


OH 


{CH,)„ C=0 .f BrCHXO,C,H, (CH,)„ 


1 !/ 


'CH,CO,CjH; 


i ! i 

{CH,)„ CHCHjNH. ^ (CH,)„ piCH,CO,H — (CH^)„ 


I I ■ 


Baer, J. Chtm., 23 , 1550 (iS5gj_ 


OH 


CH,CO,H 
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makes u-so of the Ilefnrmatskii reaction,** followed by reduction to a 
cycloalkylrtcctic acid and degradation of the carboTj I group to an amino 
group.w 

If ring expansion of an available cyclic alcohol i« not the objective, 
other routes to nminoinethylcycloalkanes nut}' of course be u«ed. The 
reduction of nitrosites, obtained by the addition of oxides of nitrogen to 
cycloalkenes with cxocyclic double bonds, isa rare but apphcable method.** 
The nminoincthj'lcyclohexanes can be prepared by hydrogenation of the 
corresponding benrylaminc or by the hj-drogenation of on arylacetic 
acid** follow cd by any of the several methods for replacement of a carboxyl 
group by an amino group.*^"** 

The TifTeneau-Domjanov e.xpan«ion is somewhat more easil}* adapted 
to the preparation of the next higher ring homologs. A cyclic ketone 
may be eonvertefl in three steps, vi.a it.s cyanohydrin and reduction to the 
aminocycloalkanol, to the next higher cyclic ketone. The reduction of 
cyanohydrins is usually successful by low-pressure hydrogenation with 


i — I , , 

(cn,), c=o — (cn,i. c 

! ! I 1\ 



platinum oxide catalyst.**-’*-” Cjanohydnns vary in the ease with 
which they dissociate into ketone and hj-drogen cyanide, and the 
occasionally poor results of catalytic h,^-d^ogenation have been attributed 
to the easy reversal and poisoning of the catal^-st by the hydrogen cyanide 


“ Birhmaim •ml Hoffmiin. in A<liinw, 0»snmc *«' 
& Sons. New York. 1944 
** Wnllftph. Ann . 353, 2<4 (1907) 


p. 224-562. John 


«llach And Isaac. /•"" . 348, 243 (1906). 

; And Laoc. 10 .4dAnw. Oryanu Keafli 


u. Vol III. PP 267-SOD. John V 


Sons. New York. 1946 

ffmcfioiiA, 4-0l III. rP 307-336. John 


** Wolf, in Adorns. Orgnm 


0 . VoL III. pp. 337-450. John Wiley t 
•t.rtn.1.. j;ii. .v— .IMD- 

. 71. (1949) 


'* Smith, in .Adnms. Orpoi 
York. 1948 

’• Tchoiibar. Comph rtn-t.. 212, 1033 (1941). 

•• Gnt«.hc.J..4.A.C*r»..5oc.71.3313(m9) 

” Goldberg And Kirchciuslcincr. iWo. <■*•»* Acfti. 28. 2SS (1943) 

'• Tchoubar. Bull »oc, rAim. I'mnc*. 1949, '*'* 
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formed.'" Cvclohexanone cyanohydrin presents such a case;*®’""' 
con-sequenth- l-aminomethylcyclohexanol is usually prepared either by 
reduction of the cyanohydrin rrith lithium aluminum hydride'* or by 

electrolytic'* or chemical'* reduc-tion of the nitromethane-cyclohexanoce 

adduct. Eeduction of some cyanohydrins rrith hthium aluminnia 
hydride'*’"-'* also proceeds poorly, for the basic reagent appears to favor 
the reversal."^'"* However, the greater specificitv of lithium aluminum 
hydride, which does not reduce unc-onjugated double bonds, makes it a 
desirable reagent for the reduction of cyanohydrins.'® Thus dehydro- 
epiandrosterone acetate was successfully expanded at ring D without 
disturbing the double bond in ring 33; lithium aluminum hydnde was 
used for the reduction of the cyanohvdrin.^ Dissociation of a cyano- 
hydrin can be overcome by acetylation, and the route is then synthetically 
useful.®^-"* However, acetj'lation of the cvanohvdrin hydroxyl group 
does not appear to improve the yields in catalvtic hydrogenation." 
Dissociation of the cyanohydrin can also be prevented bv temporarily 
converting the hydroxvd group to an ether with vinvl isopropyl ether®® or 
dihydropyran.®’- 

Cyclic ketones have occasionally been condensed with nitromethane 
to give l-nitromethylcycloalkanol3®5.« which can be reduced to l-amino- 
meihylcycloalkanols.'® Such nitro alcohols appear to require ratner 

; ; OH OH 

* ' > ■/ '/ 

(CHjlr. c=0 -y CH,XO; — - (CHj), C -► (CH.)„ C 

! 5 ! \ ‘ \ „ 

CH.XO. CH.XH; 


specific conditions for satisfactory reduction, but thev have been reduced 
succ-es-fhlly both catalytically-^ and electrolvticallv.®* 

Amino alcohols for the Tiffeneau-Demjanov expansion have also been 
produced by the reaction of ammonia with epoxides,® but this route is 
not used much because the epoxides are relatively inacces.sible.-'® Another 
route not involving reduc-tion Ls the Reforma tskii reaction between a 
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cyclic ketone and ethyl hromoacetate, Mlowed by conversion of the 
carboxylic ester to the amine “ 

(CITi), C=0 + BrCH.COjCjITs 


EXPERIMENTAL CONDITIONS 

The general procedure ia to dissolve the amine in dilute aqueous acid, 
add excess aqueous sodium nitrite, and, when the evolution of nitrogen 
ceases, to isolate the product either by steam distillation or by extraction 
with an immiscible solvent. The optimum pH appears to be not far 
from 7. in agreement with the formulation of the reaction as one between 
the free base and nitrous acid. It has been shown that high acidity 
(pH 3} stops the reaction of aliphatic amines with nitrous acid At too 
low acidity (pH 7 or above), the reaction either does not occur or is 
impraetically slow. The desired pH is readily provided by dissolving the 
amine or its acetate in excess dilute acetic acid.*'*-** Alternatively, 
the amine hydrochloride may be used with a few drops of excess acid 
(mineral or acetic).*- **-** Occasionally other salts, such as oxalates,’* 
have been used. Hydrochloric,” sulfuric,” and perchloric*' acids have 
been used successfully, but when acids of this strength are used the excess 
must be small. Sodium dihydrogen phosphate and phosphoric acid are 
quite satisfactory,”.*^ but, owing to the weak acidity of the former 
reagent, reaction is slow. 

Although the choice of acid is often dictated by convenience, the 
possible involvement of the anion of the acid in the reaction should not 
be overlooked. This does not appear to be important in the Tiffeneau- 
Demjanov expansion where the product results by ebmination of a proton, 
even though halohydrins are by-products when the halide ion concen- 
tration is high.**-*' In the Demjanov expansion, the last step is a 
combination of an intermediate with a nucleophibc species, commonly 
water. It has been demonstrated that the alkyl group of an amine 
undergoing deamination with nitrous add is ultimately found combined 

*> Bergmann anU SiiIibitciHT, J. Or$ CAtm., 16. 84 (1951) 

Komblum ami IflUml, J. .tiH TAna 71. 215' (19-*91. 

•» Alder and Windomulh. IStr., 71, 5404 (I93S). 

Felkin, Cotnpt. r»nd , 228. 819 (1948). 

•’ Tchoubar, J!uK. toe. rhim. Fnnee. 1M9. 189. 
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cyclic kefoiic and ethyl hromoacetate, folioned hv conversion of the 
carboxylic esfor to the aTninc.” 

i 

(Cii,), c— o + Brcir,co,c,ir»-^ 


F.XPEUIMENTAL CONDITIONS 

The general procedure is to dLs^olve the nmine in dilute aqueous acid, 
add excess aqueous sodiunt nitrite, and. when the evolution of nitrogen 
ceases, to isolate the product either by steam distillation or by extraction 
''ith nn immiscible solvent. The optimum pH appears to be not far 
from 7, in agreement uith the formulation of the reaction as one between 
the free bate and nitrous ncid. It has been shown that high acidity 
(pH 3) stops the reaction of aliphatic amines with mtrous acid.'* At too 
low acidity (pH 7 or above), the reaction either docs not occur or is 
impraetleally slow. The desired pU is readily provided hj’ dissolving the 
amino or its acetate in excess dilute acetic acid.*'*-** Altcmutively, 
the amine hydrochloride may be u<fd with a few drops of excess acid 
(mineral or acetic). ‘'‘*'** Occasionally other s-alts, such ns o.xalates,** 
have been used. Hydrochloric,” sulfuric,’* and perchloric** acids have 
been us«l successfully, but when acids of this strength are used the e.xcess 
must be small. Sodium dihydrogeii phosphate and phosphoric acid are 
quite satisfactory,'*'*’ but. owing to the weak acidity of the former 
reagent, reaction is slow , 

Although the choice of ncid is often dictated by convenience, the 
possible involvement of the anion of the acid in the reaction should not 
be overlooked. This does not appear to be important in the Tiffeneau- 
Demjanov expansion w here the product results by ehmmation of a proton, 
even though halohydrins are by%prodacts when the halide ion concen- 
tration 13 high.**-*’ In the Demjanov exp.msion, the last step is a 
combination of an intermediate with a nucJeophilic species, commonly 
water. It has been demonstrated that the alkyl group of an amine 
undeigoing deamination with nitrons odd is ultimately found combined 

« BergmaJin «nJ SuUbocher, J. Org CAtm , !«. 84 (19511. 

W Komblum »ii<t Iftlan't. -I'". CArm. 71, S13T (1949}. 

» >iiii \Vini]<-muth. Bir , 71, 2104 {1958}. 

>• F«Ikin. Compl ryml , 288. 819 (194S). 

•’ Tchoub»r. Bull- -x. (him. Franet, 1849, 189. 
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to some extent, with nil anions ])re.sont,*''* and that the relative amount.'- 
may not he in proportion to their concentrations.'' Alcohols produced 
hy the Demjnnov cxpan.sion in acetic acid solution are u.sualiy hcs'uih 
contaminated with their acetate e.stcrs.'' It is for this rca.son that 
phosphate"'' and perchlorate^ solutions have been used. 

The temperature is u.sualiy ndjii.stcd to 0' at the start of the Denijanov 
or Tiffeneau-Demjanov reaction, allowed to n.-^e slowly to room tempera- 
ture, and finally raised to near 100^. The choice of an initially lo" 
temperature is perhaps in part due to the in.stahility of free nitrous acid, 
and partly due to the very occasionally rapid evolution of nitrogen, 
neverthele.ss, it does not appear to be penerallv ncces-san,'. hen gas 
evolution has subsided, heating i.s begun. Succe.s.sful re.sult.s have al=o 
been obtained without heating, when the reaction mix'turc wa.s allowed 
to .stand for several hourK.'°'^^ The time and temperature required 
appear to depend as much on the aeiditj* of the medium a.s on the nature 
of the amine. 

The .source of nitrous acid is almost invariablv sodium or potassium 
nitrite, although in the older literature the use of .silver nitrite \rith amine 
hydrochlorides is described.'*®*®® Excesse.s of nitrite as high as o0®o 
and 200%*® have been used, although one ecpiivalent is the common 
amount. Since some nitrous acid is almost invariably lost through 
di.sproportionation, the use of only one equivalent of nitrite usually leads 
to recovery of considerable amounts of unreacted amine.'®* “ Because 
nitrous acid may react with the olefinic products accompanying the 
Demjanov expansion and with the ketones from the Tiffeneau-Demjanov 
expansion, it is best to avoid an unnece,s.sary excess. An effective scheme 
is to use at first one equivalent, remove the products which are formed 
(by steam ^stiUation or extraction), and then treat the remaining aqueous 
solution with fresh portions of acid and nitrite.®® 

Moderately dilute solutions are usual, about .5-20'’.o in amine and the 
same range of a weak acid, if one is employed; for stron'^ acids, as has 
been mentioned, the total quantity is kept at little more than that 
equivalent to the amine, and the acid is usuaUy diluted to a concentration 
of le.ss than 10%. 

Smee the deamination products are usually not basic; they commonly 
separate from solution as the reaction proceeds. Solid products can, of 
removed by filtration.. Liquid products are commonly L=o- 
ated by extraction with ether and fractional distiUation of the dried 
ex racts. .Steam distfllation from the reaction mixture®®*®**®® is occasion- 

y employed, it has the advantage of freeing the product from the 
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emjanov, J. Russ. Phys.-Chtm. Soc„ 36, 166 (1904) {Chtm. ZerUr-., 1904, I, 1214). 
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nonvolatile tnrs which are so often formed, especially in the Demjanov 
expansion, and to some extent from the snjnll amounts of glycols some- 
times formed in the TifTeneau-Demjanor expansion.”-®’ 

The products of a Demjanov expansion are easily separated into an 
olefin (lower boiling) and an alcohol fraction; either or both may, of 
course, be the desired product. Purification of the alcohol fraction is 
generally not practicable by distillation, owing to the similar boiling 
points of the isoinerio alcohols. Where acetic acid solutions have been 
used, esters must first be saponified or cleaved with lithium aluminum 
hydride. Since the unrearranged alcohol is almost always primary, and 
the expanded alcohol is almost always secondary, either oxidation or 
differential esterification”- may be used to separate the isomers. The 
small amounts of tertiary alcohols that are sometimes present may also 
often be eliminated by such procedures. Oxidation, usually with chromic 
acid, converts the expanded alcohol to a ketone and the primary alcohol 
either to an aldehyde or acid, allowing separation by obvious means.”-®' 
Esterification of primary alcohols with phthalic anhydride, usually in 
benzene solution, is fairly rapid, esterification of secondary alcohols is 
much slower and requires prolonged heating, and tertiary alcohols are 
either dehydrated or unaffected.** The alkyl hydrogen phthalates 
produced can be separated from unesterified material by extraction with 
very dilute alkali and tlien recrystallized.*'-** Regeneration of the 
alcohol by saponification presents no complications.”-®'-*® The olefins 
produced in tiio Demjanov reaction usually are not easily separated from 
each other, but oxidation to ketones, keto acids, or acids may elucidate 
their structures.*’ 

The products of a Demjanov exp-insion usually Include small omounts 
of nitrogen-containing compounds which often appear in the Jugh-boiling 
residue. These substances are usually neglects! Those isolated have 
been identified as nitroalkanes.**-*' which presumably result from the 
action of oxides of nitrogen on the olefins formed. 

The isolation of the ketones from Tiffeneau-Demjanov expansions is 
somewhat simpler, since the principal accompanying substances (other 
than unreacted amine) are glycols which are verj- much less \o ati e an 
the ketones. However, when it is not desirable to separate the ketone 
by distillation, ns in the steroid field, it may be necessary to separate the 

ketone through the semicarbazone,**-” by reaction with Girard’s reagents, 

or by chromatograph}’. ’*- ” 


” Ingcraoll, in Adams. Orgn 
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trmoved (fiO’J. If the di'^till.-ition is carred further nt this point, there 
are obtained 0-8 g. (12-17%) of mixed olefins, b.p. 05-125® (mostly 
105-115°) nnd 25-30 g. (44-52%) of mixed alcohols, b.p. 125-185° (mostly 
165-lSO’). It is usually desirable to purify the alcohol by chemical 
menn-s, for which purjwse the solvent-free but unfrnctionated material is 
suitable. 

To remove cyclohexanemethanol from the product, the residue after 
removal of the solvent ismi-ved with 10 g. (0.07 mole)ofphthaHcanhj-drido 
and heatrsl under reflux at 1 20-140° for one-half to one hour. The eooled 
mixture is shaken with 8.5 g. of sodium earltonatc monohydrate in 350 ml. 
of water nnd 50 ml. of petroleum ether (b.p. 30-40°), nnd the layers are 
separate<l. The organic layer is \»ft»he<l with two 60-ml portions of 
water.* 

The combined petroleum ether solutions are dried over potassium 
carbonate and distilled through an IH-inch Vigrcu.x column or its equiva- 
Itnt. There are obtained 5-Cg. (10-12%) of olefins, bp. 103-127* 
(moatly 105-115°). and 22-23 g. OS-IO-’o) of alcohol, bp 127-187 . 
Redistillation of the alcohol mi.xturc gives about 20 g. (35*o) of somewhat 
impure cycloheptanol, b.p. 150-180* Further purification may be 
accomplished, if desired, by converting the crude cycloheptanol to its 
hydrogen phthnlate, using the detailed directions given for 
hydrogen phthalate in an earlier volume of this series (Ref. 90, p. 4 ) , 
pure eyclohcptyl hydrogen phthalate melts at 100-102* 

Cjdofietanone by the Tlffeneau-Demlanov Rearrangement. 
l-Aminomethylcycloheptanol (124 g., 087 mole) is dissolved in 400 ml. 
of 10% hydrochloric acid and cooled to below 5*. A solution of 69 g. 
(1 mole) of sodium nitrite in 300 ml. of water h added slow ly w it h st*rrmg, 
and the resulting solution is allowed to stand for two hours, during which 
time it warms to room temperature. It is then heated on a steam at i 
for one hour, cooled, and the oily layer is separated. The aqueous layer 
is extracted with about 100 ml. of ether, and the combined extracts are 
dried over potassium carbonate and distilled under reduced pressure 
through a short column There is obtained 67 g. (61%) of cyclooctanone, 
bp. 85-87“/17 nim. The higher-boiling residue contains 2-hydroxy- 
methylcycloheptnnol, which may aJso be collected by distiUation, the 
yield is 5 g. (4%), b.p. 142-14772 mm. 


so ml t.fp«(roK' 

fying the equeou 

end reeryetellizl 


the unreerrengPd elcohol the eombtned equeoua I«}-er 4 ere eeshed with 
urn elh'r. The hexehjdrobeneyl hjdrogen phtheUte is reco'ered by ecidi- 
golulion with hjdroehlooc ecui. ellowing the precipitated oil to crj-stallize, 
ng from ligroin or aqueous acetic acid There is thus obtained II-ISr. 
„t0 solid irhose melting point la usually in the range 110-120°. 
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Amine llearrangctl Alcohol or Ketone Yield % (Hcf.) Yield % (Hcf.) 

6-nj-droJ7bicyelof3.2.0J-2-heplene-0-jnethy]- BicyrJi:<3.3.0)-2-octen-6-onc 47* f38) 
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INTRODUCTION 

The arylation of olefinic compounds by diazonium halides with copper 
salt catalysis was discovered by Hans Meerwem.*.* This reaction has 
been referred to as the Jleerwein reaction despite the possibility of its 
being confused with the Meerwein-Ponndorf-Verley reduction or the 
Wagner-Meenvein rearrangement. The Meerwein ar 3 dation reaction 
proceeds best when the olefinic double bond is activated by an electron- 
attracting group Z, such as carbonyl, cyano, or arjd. The net result is 
the union of the aryl group from the diazonium salt with the carbon 
atom /5 to the activating group, either by substitution of a /3-hydrogen 
atom or by addition of Ar and Cl to the double bond. 

ArNjCl -f ECH=CRZ ArCR=CRZ -j- ArCHRC(R)ClZ 

» Meerwein, Bochner, and van Emster, J. prakt. Chtm., [2] 152, 239 (1939); Schering- 
Kahlbaum, Brit. pat. 480,617 {C.A., 32, 6262* (1938)]; Meeiwein, U.S. pat. 2,292,461 [C7.-4., 
37, 654* (1943)]. 

* Franzen and Krauch, Chemiker-Ztg., 79, 101 (1955). These authors state that tie 
original €liscoverj- is due to Curt Schuster, but his results were published only in internal 
reports of the I. G. Farhenuidustrie. 
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The reaction is a valuable synthetic tool. Although the yields are 
often low (commonly 20—10%), such yields are offset by the availability 
at low cost of a wide variety of aromatic amines and unsaturated com- 
pounds, and by the ease and simplicity of performing the reaction. 
Furthermore, the polyfunctional product built up in a single operation 
from commercial chemicals is capable of undergoing many subsequent 
transformations. 

The accompan3dng examples are typical of the scope of the reaction. 
They also shoiv some of the realized and potential transformations of the 
products. 


(1) ArNjQ + CH2=CHC02 H^-AiCH=CH00»H 

(2) ArN,a + CH2=CHCN ^ AiCHiCHOCN— *-AiCHjCH2CN— ArtCHjljNHj 

AiCH=CHCN ArCHzCHjCOjH 


(3) ArN2a 


■ r^ 


ArC-C^ ArWC^ 


CHCO 


I Hydfol . 


AiC- 


u 




(4) ArN2a + CH2=CHCH=CH2— ^A*CH2CH=CHCH2a-®“^AiCH-CHCH— CHg 
IHlj 

AfCH2CH2CH2CH2a 'A1CH2CH-CHCHJ 


(S) ArNjQ + Ar'CH=CHC02H— ►ArCH— CHA» + CO2 





This review v ill be confined to reaction, in t. h.ch n new ctbon-earbon 
bond is formed between the aromatic ring of a diazonium fw an a 
aliphatic unsaturated compound, including olefins, acct} ones, qumonc . 
o.ximes, and such heterocjcles as furan and thiophene The 
aromatic compounds by diazonium salts and rel**^ 
Gomberg-Bachinann reaction) has been reviewed in o uiue o 
^enclimxs. 



192 


ORGANIC REACnOXS 


MECHANISM 

The mechanism of the ileenvein ai^'Iation reaction is not knoivn iviih 
certainty, although some features have been established. The correct 
mechanism must account for the following facts. (1) The olefimc double 
bond must be ac-ti rated b^- an electron-attracting group ; the few reported 
exceptions^’’ to this generalization have not been confirmed. (2) The 
incoming aiyd group occupies the position /? to the (stronger) activating 
group. (3) Diazonium salts bearing electron-attracting substituent; 
usuallj’ give better re-sults than those possessing electron-releasmg 
substituents. (4) In most cases the reaction is specifically catah'zed by 
copper salts. (.5) The rate of reaction (nitrogen evolution) appears to be 
markedly dependent on the structure of both the un-saturated compound 
and the diazonium salt. (6) The yields are dependent upon the pH, the 
nature of the solvent, and other components of the reaction medium, 
the presence of halide ion appears to be advantageous,’ though not 
indispensable.® 

Ionic ilechanism. Jleenvein’^ proposed that the diazonium cation 
loses nitrogen to form an aryl cation as a result of “the polarizing influence 
of the misaturated compound.” The cation then adds to the double bond. 
He showed that iodonium salts, which he believed c-ould react only by an 
ionic mechanism, likewise arylated unsaturated compounds. Recent 
work has shown that diaryliodonium salts also may react by radical 
mechanLsms.®* ' The ionic mechanism for the ileerwein acylation has 
been supported by other workers.®’— 

* ^teller, **Zetko Au5tau?cli,’' Dept, of Commerce, OfSce of Xeciinical Services, P.®* 
Xo. 737. 

* Mollcr, .Injcir. Ckcm., 61, 179 (1949). 

* r!. S. Rondestveilt, Jr., imptibliihed exocrimeate. 

' Sandin and Brcivn. J. .4m. Chm. Soc^ 69, 2233 (1947). 

■ Berincer, Geerinc. Kuntz. and Mau.«ner. J. Phys. 60, 141 (1935). 

’ Brun.ner and Perper. -Ifoncuf,.. 79, 1S7 (I94S). 

’ Bmnner and Kuslatschcr, .Uonetj?.., S2. 100 (1951). 

” Berpmann and Weinberp, J. Orp. C3fm„ 6, 134 (1941). 

” Bcrpm.'U’.n. Weixmann, and Schapiro. J. Ore. CArm., 9, 405 (1944). 

“ Berpmann and Weizmann. J. Orp. C/.rn.. 9, 415 (1944). 

“ Bcrpm.ann and Schapiro, J. Oro. Cktm.. 12. 57 (1947). 

Berpmann, Dimant, and Jnphe, J. .4m. Ckrtn. Soc.. TO, IC-IS (1945). 

» Frrnnd^ Brit, pat, 070.317 tr-4„ 46. 10201c (1932)]: Fre-znd. V-S. pat. 2.710.574 
{C_4.. 49, H703c (1953)]; Frvund. .4n<tm). pat. 147,045 tC_4„ 51. 155551 (1957.1]. 

” Ffpund. J. 45 'c‘c-., 1951, 1P43, 

Trt'tir.d. J. CA'm. S>r., 1952, 1954. 

Frftir.d, J. Ch<r^.. 5-k*..*1952, 3CK:*<s. 

Fr»*und. J. CAfn, Foe.. 1952, 50*2. 

Frctirid. J. Chr^,, 1952, 5rt73. 

XI Freund. CA^rt. F v,. 195^ 

** F>r., 1953, 3T07. 
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ArN © . At® + N, 

(♦1 ® 
Ar^ + RCH=CRZ »-AiCH(R)CRZ 


‘ AiC(R)=CRZ + 


Tile cationic mechanism explains the effect of substituents in the 
diazonium sail (point 3 above): electron-attracting groups increase the 
electrophilicity of the cation. It also accounts for point 5. though “the 
polarizing influence of the olefin” is not a verj- specific explanation. 
However, a cationic mechanism fails to account for points 1 and 3. for 
the olefins most reactive toward arjlafion arc those with double bonds 
rendered electron-deficient by the group Z. Yet these compounds are 
the least reactive in tj’picnl electrophilic additions (brommntion. etc ). 
The normal ionic polarization of the olefins renders the carbon positive 


*cii,cnc=o 

) 

L R 


*CII,CU^— o- 


A8 demonstrated by the following additions. 


r 8 h + cH,=cncN RociJ,cn,r.N 


lie? -r cn,=enco,n — non.cii.co.n 

© e 

Alternatively one must invoke an abnormal polarization CH,CHCOR to 
explain why the hj-pothetical cation attacks the ^-carbon atom The 
alternative ionic mechanism involving an arjl anion is etiually difficult to 
accept, for the existence of aryl anions in the aqueous acid medium is 
highly unlikely. 

Finallj-, in reactions of diazonium salts with olefins th.st are certai . 
ionic, very different products are obtamed. as shown in t e ensuing 

equations. 

« © H,0 

C.HsN.BF, -f- CH,=CnCX — [Cn,=CUC=NArlBF4 ► 

cn,=rnroNiir,nj (R^fs-sa. 2t) 


" M*k«ro« a and N. 
1019; BuU. Sci 

(1958)1. 

" Mwrwam. Uaach. M. 


layanov. /»rr*< AM .Vo«t fi. OiJi 

.SJS R . p>r. Clum. Sc«_ (E*9< Tr 


,oai. MM. 
1954. 1109. lC-4 . 60, 
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Compare 

BUO 

-I- RCN-v [RC=NC 2 H 3 ]®BF 4 ® — 1-> RCONHC.H; 

(Bef. 24) 

CsHjXjBFi -f CH,==CHC0.CH3 CHj=C(C5H5)CO.CH3 (Kef- 2o) 

Xote the a-arj'lation, not ^-arj'lation. as obtained under Meerwein 
aiylation conditions. 

Free-Radical Mechanism. A radical mechanism uas proposed bj- 
Koelsch and Boekelheide^® and Muller,'* and supported bj other-. 
At pH 3-5, the diazonium .salt is in equilibrium wth the covalent diazo 
acetate (from the acetate buffer) or diazo chloride, either of vhich 
decompose to an arjd radical which then may add to the double bon . 
The alkvl radical is thought to be oxidized b\' cupric ion to a cation 
then acquires chloride ion or loses a proton to give the product, 
cuprous ion is reoxidized bj' the acetate (or chloride) radical to cupric ion. 

ArXj® A OCOCH,® ArN=NOCOCH3 


ArN=NOCOCH3-v At- A >>'2 


• OCOCH3 


At- a RCH==CRZ-* ArCH(E)CRZ 
ArCH(R)CRZ A Cu^— .\rCH(R)CEZ A Cu” 
Cu^ A -OCOCH,— A OCOCH3® 


The radical mechanism explains the direction of addition to unsym- 
metrical olefins.* IVith a monosubstituted olefin, onlj' one of the two 
possible intermediate radicals can be stabilized bj' resonance. With 
unsymmetrical 1 ,2-disubstituted ethylenes, such as /?-substituted sty- 
renes, resonance with the aiyl group is more effective in controlling 
orientation than resonance with a carbonyl or cyano group. These 
principles are illustrated in the examples on p. 195. 

Despite its succes.s in accounting for the position occupied by the 
attacking group, the free-radical mechanism cannot be accepted without 
modification. Many of the olefins arclated in the Meerwein reaction are 
vinyl monomers which are readily polymerized by authentic radicab. 

=■ N<-sm»yanov. Mnkarova, and Tol-taya. Trlrihtdron, 1, 145 (1957). 

” Kty l^ch a.id B<ykcllK-idf. Am. C/.-m. .Soc.. 6S, 412 (1944). 

nr;(u“<i that th" oh=>'ri"ed arydation of vinviact'tic acid at the y.carbon atom 
po- ibl- only with an ionic mechanism.” .Actually, thi^ cipcrimcnt provide^ no evidence 
for either ini.ehani'-m. aince both catioria and radirala nttacl: the y.carbon atom: that !=*. 

- & 

CH.< HCH,C(),1I — CIIj=CHCH,CO,H 


BrCH,CHCH,CO,H 
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C fArCHiCHCN -« — ► AtCH 2CH=C=N -j 

r 1 

rArCH(CN)CH»* 

L J 

y fcsHiCIlCHtaiOlAr ^-/~^CHCH(CHO)ArJ 

Af +-CsHsCH=CHCHO^ ^ -] 

^ fcgHjCHIArlCHCHO-. — ..C6HsCH(Ar)CH=CH0- 

\_ (iMfUSIt) 

It i? known that many monomers nre polymerized l.y diazoniiim salts in 
the absence of copper” yet styrene/-"-** acrylonitrile, vmyl 
halides/- « acrylic ncid*‘ and its esters” and maleimule derivatives • 
give good yields of Jleerwein prwlwets without nppieciivblo formation ol 
polymers other than “diazo lesms.” I'roipidily tlic copper s-vlt or ano ler 
component of the medium fimctimiH as an eflieient ‘‘"J 

to prevent the growth of the monomer rmlicnl ArCHjt <• " 
converted instead to ArCH,CIICIZ or ArCII CllZ. However, copper 
salts may also promote the polymerinng nilivity of dmromum sa m urn 
certain conditions,®’ , 

Other evidence suggests that (he nwlical is dillerent from (ho radii uH 
which initiate vinyl polymerization. Diaronium salts under Jio eo • 
ditions of the Meerwem reaction gave liettcr yields in t lO ary 
coumarin and other selected olefins than the aryl ™ an 

aroyl peroxides, N-nitrosoacctnnilldes. and |.nryU3,3-dimct ly ri.v 
On the other hand, arylation of aromatic compoumis jy i lanm 
under Mccrwcin conditions proceeds m fair yields, m a o , 

least, and arylation of aromatic com|Kiunds is normally a »> y 
reaction.*®-*® 

•’ \\iIlip..AII.«-'r.Joliii«<.ri,»rvlOHo. 6-Afm . 45. 75,”sj0 

Ind. U.cndon). 1963. <07, Msrv.l. Fr.-.lI-ui.Hr. .n.l InA.p. J. Am I . 

(I957)l Hornr-r imil Hliihr, '■'* 1 -'" 71^ . 89, 10#* <****• 

»• Kochi, 77, »We(I9WI 

•• Kochi J Am Chrm , 78. <*1® (1»W 
■» CTUtol »,..l Norri. J Am Ch>m. . 78. 3001 (l«S« 

■> IUi,in,|M«(h-ir,J IndxmChrm A«- . M. 413 (l»«7). 

’• Korl.ih J ytrn <'/,cwi. I'c'' , SB, BT (I1H3) 



:: S::;::';!” ,w,. - c.,., ^.a . 


50. sstx.i (10An)|, 
•• Voirl aii.l It- 


,1m rimm A»c . 77. SO«7 (I9S5) 

W. I«« "'"I S’"* 

.,,,1 W'rl-., '"</ t*>m . tZ. mo (1917) 

; J- Om M. 

willin'"*- 7«'M, 87. 13* (I957J. 
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Intermediate Complex Formation. Xeitlur the simple ionic nor 
the nidicai inechniii'-in necounts for tlie dei)endonce of the reaction rate 
(nitrogen evolution) upon the ptructurc of the olefin. For exaiiip e, 
solutions of many diazouium chlorides in an acetate i)utTer containing 
cupric chloride are stable for .some time. Addition of an olefin, .sue i a 
acrylic acid,®’ initiates rapid nitrogen evolution. There is a wide range 
of temperatures at which nitrogen evolution begins, dependent upon 
structure of the olefin.-"-** These and other examples led to the pro^ 
posal that a complex wa.s formed between diazonium salt, olefin, an 
copper chloride which then decomposed by internal one-electron trans 
fers to product.s.:”-®® A tentative dc.scription of the complex ha.s been 
given.®® 

Function of Catalyst. The copper .salt i.s usually added ns cupric 
chloride. However, it is known th.at cuiiric chloride reacts slow!.' 
acetone to form cuprous chloride and chloroacetone.®'’*^ The cuproi- 
chloride thus produced is a powerful cataly.st for the Sandmeyer reaction 

and for the arylalion of benzene by 2,4-dichlorobenzcncdiazoniuni 

chloride.®* This cuprous chloride will also induce a Meerwein arylation 
of styrene or acrylonitrile by p-chlorobcnzenc-diazonium cnlonoe. ■ 
From the.se results it was concluded that the Meerwein reaction i.s catah^ 
by univalent copper, not by divalent copper.*® The following mechanism, 
reproduced in part, has been suggested.®® 

ArX.® -i- Cua.® — .\jX==X- -r CuCl. 

.,trX==X- At- ~ X. 

II II 

At- 4- C==C— ^VrC — C- 


Arc — C- -y Cua.-- .VrC — CCI -r Cua 

11 'll 

At- 4- Cua, -- Ara (by-product) -r CuCl 

Ar- CHjCOCHj — >■ ArH (by-product) -r CHjCOCH.* 

The mechanism involving cuprous catalysis is in harmony -with some 
of the facts known about the Meerwein reaction, such as the formation 

'' L’&niyer and Turcotte. Can. J. Scttarch, 'B25, ul5 (1947). 

L’ficuyer, Turcotte, Gigud-re, Olivier, and Roberge, Can.J, Re-gearcht HS6, 70 (1948). 

" L’ficuyer and Olivier, Can. J. Eestarch, B27, 6S9 (1949). 

" L’fecuyer and Olivier, Can. J. Bet-jardi, B28, 648 (1950). 

“ Kochi, J. Am. Chgm. Soc., 77, 5274 (1955). 

“ Kochi, J. Am. Chtm. Soc., 78, 1228 (1956). 
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of chloroacetone,* the hydrocarbon, and the aryl halide, and it explains 
the generally beneficial effect of acetone and halide ions.^’® However, 
it is not compatible with other facts. Thus acetonitrile*-®* {which does 
not reduce cupric chloride*®), N-methylpyrrolidone,® dimethyl sulfoxide,** 
sulfolane,® and dimethvlsulfolane* are fairly satisfactor}' solvents in the 
few cases studied. Furthermore, acetone is actually harmful in many 
reactions, ns with acrylic acid,** maleic acid,*’ and furfural.**"** These 
compounds are better arylated in aqueous solution. Meerwein* and 
Terent’ev** commented that cuprous salts were poorer catalysts than 
cupric salts, or that they were ineffective, but they gave no experimental 
details in support of this statement. It may be mentioned that cuprous 
salt catalysis is strongly inhibited by oxygen.** yet a common experi- 
mental technique for the reaction involves vigorous stirring m contact 
with air, which oxidizes any cuprous copper as it is formed. 

Becent experiments with roethacryloiutnle* have shown that, when 
the diazonium salts bear electron-attracting groups, cupric copper gives 
better yields than cuprous copper. The reverse is true with diazonium 


salts lacking an electron-attracting group. 

^^^len considered together, all the facts suggest that there are at least 
two mechanisms of initiation of the Mcen'ein nrylation. The rates o 
the reactions by the different mechanisms will probably be found to 
depend on the nature of the substituents in the diazonium salt and the 
character of the unsaturated compound. It Is al-xo likely that a variety 
of one-electron oxidation-reduction systems, such «< femms-ferne or 
ferrocyanide-ferncyanidc, can function as cnfalwts in sclcctwl examples. 
Indeed, if the olefin-diazonium salt combination po-«c.<se.. the i«n>iwr one- 
electron o.xidation.reduction potential, the roaction should proceed 
without a metallic catalyst This has been realize! with coumarm** and. 


especially, with quinones.**- 


(1953)]. Rfpl,. <•«.«** <**"*> 

19, No. *■ ’ <***“' 2*«'- StH I >9**)- 

•• Dombrovsku. Tcrent «v „ j„,j 

c*«m. V^JS R {Engl TmnM ]. *ts 
*> Hondi?stv<HU .lid Voe!, 

** Hu.>.fron find ‘giv, . Jlfc 2II (IW) 

“ Porsche, 32. 2935 1930. H. t37>! Ocr. pat S0\39S {CArm. 

•• Qanther. U S. pat ^ (CJ, *7. 4«S* (IWl)) 

. 1931, I, l«76)i .gS. 194 (1930) 



19S 


ORGANIC KEACTION'.S 


Kinetic studies of the .Moenvein arylation have sugge-ited that^i^^^^ 
mechanistically closely related to the Sandmeyer reaction.-'- 
However, the rate expressions are too complicated to permit more t. an 
qualitative conclusion.‘-'. These conclusions were based on the a.s^umpi-i 
that cuprou.s copper i-s the .sole catalytic .species, so that the\ do noi app . 
to examples where cuprou.s copper cannot function. 


SCOPE AND LIMITATIONS 


The Unsaturated Component 

Olefins ramrina from simple to complicated have been aiylated. 
the most part, the ethylenic double bond i.s attachc-d to an eleci.OT 
attracting group such as carbonyl, cyano. halogen, aryl, or 
Imx>ortant examples are given in the accompanying equatioas, va 
selected references. 

ArN.Br - CH;=CHBr — ArCHjCHBr. 

ArN.a d- Ar'CH=CH.-* ArCH.CHCLtr' - ArCH=CH.Vr' _ 

At- = jhfsyl. al.-yayl, "-pyri'lyl, (Kc-fs. 0, 2S, 4C, <4. ‘°l 

AxN.a -b CH.=CHCH=CH. — ArCH.CH=CHCHiCl ^ 

(Befe. 3. 4. 40. 7G-<9) 

zSryjCl - CH.=CHCO.H ^trCH=CHCO.II fRefe- ’> 


Kvsln«=, J. Am. O.-zm. 56, 247S (ie54). 

“ Mariai-Be-.'.&lo. Oizzi. rhim. fc!.. 7L 627 (1271). 

?.Isriiii-Eetro!o and O'azr. c/.im, C^l.. 72, 20S (1972). 

Vlsrini-Settolct, Polta. and Abril, O'orr. cr.im, i7al_ SO, 76 (1950;. 

Osetmb'^en-'r and nrr.. 7L 2703 (193S). 

(( Kozl. Erxk-ben, and Ann., 4S2, 1 19 (1930). 

« ©obiii, Cfitm. Lilly. 45, 277 (1932) [C..4.. 47, S559d (1933)]. 

“ A.5ano and Kam«ia. J. Ft^rm. Svi. Japnn, 53, 75S (1939, [C_4.. 34, 2375' (1970,,. 

« vSsliMrr.^bi. EoiznilH 23, 77 <195-5) [C-t.. 50, 33C7f (1930);. 

^ Fiew/r, Lrin^r, et at, Am. Chtm. S-yr.. 70, 3203 (137i,. 

*' Aiiari and Hiro^e, J. Phurm. Sor. .Inxyin. 62, 191 (1372) fC_7., 45, 01695 (1951) - 
•* .Aj-mzi. J. Piyirrn. S'y.. Jujyjn, 62, 195 (1972) tC_7„ 45, 0169f '1951 
AScai-i../. PJjzrm. S'yi. Jijyjn, 62, 199 (1972) lC_ 4., 45, 6159b (1951,;, 

Ai:a-.n. .J. Piyzrm. S-x. Jcpnn, 62, 2(r2 (1972) ;C .4., 45, 2r9i.? (1951);. 

Kocrhi, J. Am. Chtm. Six., 79, 2972 (19)57). 
n Uick-rrman, Wefe, and Insbrrman, J. .4m. Crxm. S'X.. SO, 1907 (195Sj. 

Dal); and J.-n, .1. Am. Cixm. Six., 76, 2259 (1957,. 

H Kammovatii and P.yrbJdna. lyiMxdy .Aiai. Nn'jh SSS.P.., 88, 439 (1953) ;C_7„ 48, 
3311i (19.57);: cd. Diltbar.-. J. y-riij. Cixm., 142, 177 (19.35,. 

^ Konp and Coynar. Ory. SyrAi.iUJi, SI, SO '1951). 

-- Coyrr.a-r and P.onr,. .7. .4m. Clxm,. S-x- 70, 22=3 (197=). 

P-opp and Coynar,./. .4m. Cixm.SlX- 72, 3960 <1950,. 

Braude ar.d r a:)r»r-.t. J. CJx-m. S-x., 1S5L 3113. 

Hr=abrian:urti and llatbnr, JrAvin dixm. S'x., 23, 507 (1951). 
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ArXjCl + CII,=CnCX — ArCIIjCHdCX 

(Refs. 4. 8, 15, 2S, 32, 43, 4C, 81-83) 


ax,ArX,a + 2Cn,=CIICN -* -Vr{CII,CHClCX), (Refs. 4, 84) 

Ar.VjCl + Cir,=ClICOClI, ArCHjCIincOCH, (Refs. 3, 4, 85) 

Acetylenes will participate, l>nt the examples are few. 

ArXjCI 4- cn=cn — Arcn=cna (Ref. 4) 

(Diazonium salts react with cuprous acetylide to form mono- and 
di-nrylacetj’lenes in low yield.**) 

ArXjCl + C,IIiC=CIl-. ArCIl=CClC,nj (Ref- 5) 

ArXjCI + C,n,feCCO,n — C,HjCa=C<.Vr)CO,n iRef- 1) 


The ethylenic bond may be substituted with two activating groups. 
If both are on the same carbon atom, the aiyl group becomes attached to 
(he other carbon atom. S\Tnmetrical l,2 disubslituted ethylenes can 
give only one orientation. If the activating groups on the a- and 
carbon atoms are ditTerent, the compound formed can be predicted from 
the rule that the product will be the one formed via the intermediate 
radical that is the more resonance stabilized ** The occompan.ving 
equations illustrate arylation of multiply activated olefins. 

-VrXjCl + CHa==CCl, — .ArCHinca, 

ArX,a -I- Ar'CH=CnCO,CII,— ArTnncn(Ar)CO,CU, (Refs. 1. 20) 

AtN,a + c,n,(cn=cH),co.rii,-* c,ii»cH=cncn==C{-vr)Co,cii, 

(Ref. 26) 

Arx,a + c,iijCn=ciicno ->■ r,HiCu=c(Ar)coo (R*f 



“ Dhingra anj Mathur. J. Indiin rs»» ^or , 84, ISS 
•' Oaudry. Con J fl,«orcA. B23, 8S (19431 

" ra™ . IS, »» ^ 'I”)" ,.„h |l9sm 

Malinowski and Banbonek. JfocrffU Ciem . 27. 3.9 t'*®’’ I*- " . 

“ Malinowski. /fofin. 1 -. Clfin . 29. 37 (1933) IC 4 . 50. 329.h (1 o » 

** Sokol'skii and Xikolenko, DolUtdg Atad ■ 

-‘Mb(19S3)J. 


VaiU 8.S.5 B . 82. 
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ArXXl + EOjCCH=CHCOjR 
cf» or Irant 

ROjCCH=C(Ar)CO,R -f- ROjCCHClCH(.^)COi.R 
CHCO AtC— CO 

ArNzCl + II /NR ^ 1 / 

CHCO CHCO 


I AiCHCO 

NR + j /NE 
CICHCO 


(Refe. 1, 87, 88) 


(Refe.33,a4) 


Certain a,/3-unsaturated acids, such as cinnamic acid and maleic 
undergo arylation at the carbon atom bearing the carboxjl group, 
these reactions decarboxylation accompanies arylation, the ex en 
apparently depending upon the pH (see section on reaction conditions 
Examples of this phenomenon follow. 

ArX.a d- Ar'CH=CHCO,H -r ArCH=CBU\r' (Refe. 1, 11-13, 16, ID 

ArNjQ -b H03CCH=CHC0 jH — ArCH=CHCO,H 

AxNjCl CeHsCOCH=CHCOiH -* ArCH==CHCOC£Hs 

AtN.CT -r RCH=CHCH==CHCO.H RCH=CHCH=CHAr 

R =. CH., C.H,. (Reft. 11-13, 26, 91) 


(Ref. 17) 
(Refe. 89, 90) 


Occasionally the reaction proceeds ivithout decarbox 3 'lation. Thu= 
maleic acid is aiylated at a pH of about 2 in a reaction involving o J 
addition.®- Monoatylraaleic acids give a,^-diaiyi-a-chlorosuccinic aci 
under these conditions.®- Cinnamic acids are sometimes arylated without 
decarboxiiationd the resulting a-aiyicinnamic acids are not further 
arvlated.^* 


^IrNjCl -b nO.CCH=CHCO.H ^\rCH(CO.H)CHaCOjH (Ref. 92) 

ArX.CI -b HO;CCH==C(Ar')CO;H HO.CCH(xtr)Ca(Ar')CO,H (Kef. 92) 

ArN.a -b Ar'CU=CHCO.H — .\r'CH==C(.Vr)CO.H < 

There one report of a nitro group beins lo.st during arylation. The 
formation of benzji p-nitrophenji ketone from w-nitrostj-rene and 


*’ Taylor anr! S;rojny, J. Am. Ch^m.Sv:.. “6, 1872 (1634). 

" Vo:l and J. Am. CUm. Sv:., 78, 3759 (1636). 

" Mohra and Ma-.hor, J. IrAi/in Ch^m. Sar., 32, 463 (1953). 
M'lim and Mathnr, .1. IrAmn CArm. Sor., 33, CIB (1936). 
Fu'oro and Oorr. dim. i:al., 78, 324 (1648). 

" l>riiv. !).• and l’.aM..-i. Corayr. rrr.d., 237, 570 {1954). 
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j3-nitrobcnezene<liazonium chloride believed to proceed via a Nef 
reaction on the supposed intermediate aei-nitro compound.*^ 

J)-0,NC,II,N,C1 + C,1I»CII— CIINO, -* 

c,ir.cii=cnc,ii4XO,.p + c,ii,cii,coc,n,No,.p 

Arylation of /3-2-furyl- and ^-2.thienyl.acrylic acid is complicated by the 
preferential or simultaneous occurrence of ring arj’lation at the 5 position. 
The liigh nuclear reactivity of furan derivatives in the Meerwein arylation 
has been demonstrated in nrylations of furfural “ Since furan may also 
be arylated by diazonium salts under the conditions of the Comber^ 
Bachmann free-radical biaryl synthesis « its arylation under Meerwem 
conditions illustrates the similarity between these two reactions. 

A,N,a + - a.I[^ch=chco,h * 

x-as. 


C^^CH=CHAr ArC^^CH=a 


(Rris 15,18.21,43,48,95) 


OcH=C, 


■C>" 


Quinones. Appsrontlj the first ess,., pie. nl' nulnoue slil .llou »ero 
provided by Borsehe.” who phe„yist,.i 

sophcnol) and riil„',|,e,' lo’ the ..M.lhe.l. of 

dormsnoy, the ™“f ' I,,. ,h,,« 

;^n:rr7:Trp"::eed'-^-"«<"''-'''^ 


0=0-- 


I, Hull /JfiMrtwA CW m-J / firiKl. a, Nim l/S, HI (IBIS) 


}05r{l«33)l- 1918. IIB.S. 

•* John-on. . 1948. SI4T. 

•• Ilfown Kon..r.CA»’'>. 
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A large variety of quinones has heen aiylated by diazonium salts or by 
the related X-nitroso-X-aiylacetamides. ilethylated, halogenated, and 
arvlated benzoquinones have been studied, although benzoquinone it^e 
has been investigated most extensively. 1,4-Xaphthoquinone has 
received some attention, though it is arj'lated much less readilj than 
benzoquinone. An extensive series of 2-hydroxy-3-arylnaphthoquinonM 
has been prepared by this reaction, though mostlj^ in very poor yields. 

Schimmelschmidt made a significant contribution to quinone aiylation 
technique.®' The reaction with benzoquinone could be run veiy efiicient y 
in weakly alkaline medium if a trace of hydroquinone teas present. Under 
these conditions, the diazonium salt reacts rvith the quinone with t e 
speed of a titration. Pure benzoquinone did not react at all until a litt e 
hydroquinone was added. These conditions give very good (but 
specified) yields of arylquinones with a ■nide variety of diazonium sa to, 
mostly the oriAo-substituted ones which others had found to be recalci^nt. 

Hydroquinone itself has been treated with diazonium salts, and it has 
been recommended as a reagent for the reductive removal of the diazo 
group.*® Schimmelschmidt stated that diazonimn salts and hydro- 
quinone form an intractable tar, but other workers have had some succ^ 
in preparing arj-lhydroquinones by this procedure.®^’ These compoun 
are probably better prepared by reduction of the quinones. 

It is difScult to discuss the limitations of the arjdation of quinoneo by 
the diazonium salt reaction because of the almost umversal failure o 
authors in this field to report yields or exact reaction conditions. AH that 
can be said is that most diazonium salts will give some product with a 
mononuclear quinone. The difiicultj' which many workers have expen 
enced with orffto-substituted diazonium salts has been overcome by 
addition of a trace of hydroquinone.®” 

A number of different experimental conditions have been employe^ 
Host authors have nsed an aqueous or ethanolic medium with the p 
one or trvvo units on either side of neutrality. Some have preferred a 
more strongly acidic medium with added copper powder or cupnc 
chloride.^*”®*’®®' *” The only c-omparison of a variety of reaction con 
ditions was made by Fieser and Leffler,®” but they used the rather un- 
reactive 2 -hydroxy-l, 4 -naphthoquinone in their studies. They did noi 
find that any one set of conditions consistently gave the best resuhs- 
Since the best jields were reported bv Schimmelschmidt, his conditions 
are probably the most suitable for trial experiments with new examples o 
this reaction. 

The u.=e of X-nitroso-X-arylacetamides appears to l>€ prorabing, 

** Orton nn®! Ev^-ratt, J. Ch^n. 93, 1021 {lOOS). 

’■ Bro-s-i.-d ari'l ff>uyer, Ccn. J. Ckrm.. 36, 7CiO (IB5S). ato rf &. 155 -lM. 
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since these compounds are soluble in moderately polar or nonpolar 
solvents such ns ethnnol or ethanol-ether mixtures, or benzene.®^ 

Since the experimental conditions under which quinones may be 
arj’lated are so diverse, it appears that more tlian one mechanism may be 
operative. Schimmelschmidt” has proposed a scheme to account for the 
participation of hydroquinone. \Vhen the conditions approximate those 
of the’JIeerwein reaction, quinone arylation probably involves the same 
reaction path. In the absence of copper, or in neutral or alkaline solution, 
or with nitrosoacetanilides, the mechanism is doubtless similar to that 
for arylation of aromatic compounds.**-®* Further study is required 
before the mechanism(s) of quinone arylation can be considered to be 
established. 

Miscellaneous Unsaturated Compounds. Several e.xamples of the 
C-arylation of aldoximes have been reported. Although this reaction has 
received only limited study, it appears to be a potentially useful way of 
synthesizing aromatic aldehydes and ketones.**"”® Aldehyde semi- 
carbazones react similarly. 


ArN,Cl + nciI=NOn— .\rC(n>=NOn-» ArCOR (Refs. 100-103) 

R - 

-f Ap'COCn=NOII -* Ar'C0C(.\r)=N01I (Refs. 08, 00, 103) 

Malonic ester and nitromethane have been arylated, although the 
more usual reaction of active methylene compounds with diazomum salts 
is azo coupling followed by tautomensm to an arylhydrazone. Compare 
Organic Rcaetiom, Volume 10, Chapter I. 


ArNjCl -f CII,(CO,C,ni),-» .VrCII(CO,C,lI,), 
ArN,Cl -p Cn,NO,— ArCH,NO, 


(Ref. 104) 
(Ref 105) 


Despite the impteesive array rf of the Meenve.a .rylatioa 

reaction, there are numerous gaps. Any compoun "t . 

saturation conjugated n.th another group should be a candidate for 
arylation, yet many important elasre. of such compound, have reee, red 
litil. or attentiL. Otdy one paper deal, ndh arylat.on of acrole.n 


o.J.Plwrvx Soc 73 . 120 (1953)[C7A. 47. 11154* (1953)). 

• "■ "oc . 1954. 1297. 


l^ 73. lOIS (1953) [CA.. 48. 10670d 


Borsche, Bir . 40, 737 (1907) 

P)>iUpp. At,!, , 523. 285 (1936) 

Beech. J. Chtm Soc . 1955, 3094 
Hegmitva and Murakoshi. J Pham 

^ C*e-. . 53, l« (1930) [C-4 . 47. 5909a 

Tsurata and Oda, J. ChfTH Sae Japan. Ind chtfn 

(1953)], cf BucchandSchaffner.Bce. 58.1613(1921). ^•n=lTsur.ta.«0. 

Pt^iarch. Kyoto U„,v . 19. 89 (1910) (C A . 45, 754Ih (I9511J. 
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and its derivatives, and this reaction is -worthy of more study as a new 
route to cinnamaldehj'des. The only nitroolefin studied is y9-nitrostryene, 

ArNja -f CH,=C(E)CHO ArCH,CCl(R)CHO -> 

ArCH==C(R)CHO (Eef. 106) 

in -which the phenjd group directs the incoming aryl group to the carbon 
atom holding the nifro group; the nitro group is lost.®* Arylation of 
ahphatic nitroolefins has not been studied, but it would be expected to 
proceed as sho-wn in the following equation. 

ArN.Ca q- CHj=CHNO, ArCHjCHCINO, — ArCH=CHN02 

Vinyl esters have not been studied, while -vinyl ethers reportedly give 
azo coupling in the absence of copper salts.*®' Both are worth examina- 
tion as routes to arylacetaldehydes. 

Simple dienes give 1-arylbutadienes after dehydrohalogenation. 
Further arjdation of l-arjdbutadienes has been explored cursorily as a 
route to 1,4-diarylbutadienes.*®® The latter compounds can also be made 
bj' Meerwein aiylation of cinnamylideneacetic acid.*® Because arylation 
of anthracene is handicapped by its low solubility, its arylation has 
required very dilute solutions;*®®***® discovery of a better solvent would 
enhance the attractiveness of this simple route to 9-aryl- and 9,10- 
diarylanthracenes. Phenanthrene has not been studied. 

Un-saturated sulfur compounds have received little attention. The 
experiments with 2-phenylethene-l-sulfonic acid in aqueous solution 
gave no pure product; the stdfonic acid was not attacked at pH 3-6 by 
various diazonium salts, but at a more alkaline pH it was converted 
by p-nitrobenzenediazonium chloride to a neutral material (loss of the 
sulfo group) which was not p-nitrostilbene.***> **® Ethjdenesulfonic acid 
has not been tested. A few unsaturated sulfides and sulfones have been 
tried.® There is no mention of the arylation of eth 3 'lenephosphonic acid 
or its derivatives. Enamines have not been studied. 

Although unsaturated acids, esters, nitriles, and c^'clic imides undergo 
the Meerwein reaction, amides appear not to react. It was observed that 
aciw'lamide, iC-<-butj'lacrylamide, N,N'-methylenebLsacr 3 'lamide, cin- 
namamide, and X-metlij-lcinnamamide did not give detectable amounts 

>=• Malinowski anrl Bonbenek, Jiocznili Chrm., 50, 1121 (193C) 51, SGSSf (1937);. 

Ten-ni-cv ami Zacorfv»kn.Z:?iur.ot.*5!:li/-rA-'Aim., 28, 200(1956); J.Gm.Chrm. 

(fTnyl. Traml.). 26, 211 (1936) 50, 13T77i (1930)]. 

Dornbro^-jkil. DolUd'j Alnd. SauhSSS.R.. Ill, S27 (1936); Proc. AcaJ.Sci. UJS^'.P: 
Sect, ct.een. (fTaj!. !rmri..t.). Ill, 703 (1936) JC.^., 51, 9307f (1957). 

Itli-nn*- and D";;™!. Compt. rend., 236, 92 (1953); 238, 2093 (I95J). 

Dick.Tman. Le'vy, and Scbw.artr, CA*-ki. d- Ir,d. (f^andon), 195S, 360. 
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of ar 3 ]a(«i product by the customaij' procedure in acetone.*'* Acryl- 
amide and methacrylamide were not arylated in aqueous solution in the 
presence of cuprous chloride.* It is not clear why amides should be so 
unreactivc, particularly when contrasted with the high reactivity of 
maleimide derivatives.* 

Reactivities of Unsaturated Compounds. In the absence of quanti- 
tative data concerning relative reactivities in the Hleerwein arylation 
reaction, only a few qualitative trends based upon judds can be given 
(see, however, Ref. 73). Compounds with a terminal double bond usually 
give better results than compounds of the same type where the double 
bond is not terminal. Thus aciylic and methacrjdic acids and their 
esters’*!**.*#.** give much better yields than crotonic acid and its 
esters.*!**!** This may he due to sleri'c factore, or it may reflect a lower 
degree of polarizability of the nonterminal double bond.* Parallel 
results have been obtained in polymerization studies. 

Cinnamic acid appears to be less reactive then acrj-lic or maleic acid, 
since cinnamic acids can be prepared by the Meerwein arj'lation of 
acrj’L’c and maleio aclds.*'**^ The difference is probably attributable to 
the energy barrier to decarboxylation which occurs during the reaction 
with cinnamic acids (see below), or to stenc hindrance. 

Activated cyclic double bonds are veiy reactive, The yields of 3-aryl- 
coumarins* are high compared to the yields of products from benzal- 
acetone" and methyi cinnamate.*-** Maleimide and N-substituted 
inaleimides**!** generally give satisfactory fields of or>’lated products, 
W'hUe amides are quite unreactive.*-'** Quinones are sufficiently reactive 
to undergo* arylation without a cupric catalyst. The possibUity of 
arylating a double bond activated by a strained ring system, as in 
bicj-cIo[2.2.l]heptene, has not been tested. 

A triple bond is less reactive than a double bond. One can aiylate 
styTene in far higher yield tban pbenylaeetylene.® Vinylacetylene is 
arylated in good yield at the double bond but not at the triple bond.**’ 
The difference can probably be ascribed to the greater rigidity of the 
intermediate radical, necessarily containing a double bond, or to the more 
strained geometry of the intermediate complex. 

The rel.ative efliciencies of various groups in directing the incoming 
aryl grrfap should be noted. An aryl group is superior to vinyl, carboxyl, 
carbalkoxyl, cyano, aldehy de or ketone carbonyl, or nit ro ; no exceptions 
have been found to the generalization that the incoming aryl group 
always takes up the position to the aiyl group already present in the 
structure ArCII=CHZ. The other available comparison of directing 

• A pfi' »l« conxra«mP»tion from Ceorgv Clelaad bidiCAtM ih«t ponditiona may be found 
in which nmidea u lU urulecge the Mcei wem Arytutioii. 

lu Becney ««'* rmkne/. U.S. pat. iS. ISSOCg 
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power is that a benzoyl group is stronger than carboxj'l; aiylation of 
/?-benzoylacrylie acid occurs ^ to the benzoyl group.*®- These effects 
may be rationalized in terms of radical stabilities, as discussed above, or 
bj' the relative steric sizes of the directing groups. 

^lore detailed comparisons of relative reactivities will require the 
results from competitive experiments or other quantitative studies. 

Decarboxylation during Ar}'lation of Cinnamic and Maleic Acids. 
Cinnamic acids are decarboxylated during arjdation. In onlj’ a few 
examples were small amounts of a-arjdeinnamic acids isolated.^-^”-^® 
Likeudse, when maleic, eitracom'c, and bromomaleic acids were arylated 
at the usual pH, monocarboxjdic acids were the only acidic materials 
isolated.*'- ■*s, so, bs, in, ns 

Decarboxylation appears to depend on pH. By operating in somewhat 
more acidic solutions (about pH 2) than customary, maleic acid and 
arylmaleic acids were arjdated without loss of carbon dioxide.®* This 
information was utilized to prepare arj-Imaleic anhydrides by cyclizing 
the resulting a-aiyd-^-ehlorosuccinic acids with hot acetic anhydride. 
It has not been determined whether cinnamic acids maj' be arylated at a 
low pH without decarboxj-lation. 

The mechanism of decarboxylation during aiylation is obscure. One 
mechanism involves formation of the ^-halo acid which then undergoes 
dehalogenative decarboxylation. This is unlikely at the pH commonly 
used, since dehalogenative decarboxylation is a reaction of the anion 
which occurs only in neutral or basic solution."® ^-Lactone formation 
and decomposition are also unlikely."® Another mechanism was based 
on a study of the acid-catalj-zed decarboxylation of cinnamic acids."' 

s 

It proposes that the intermediate ion ArCHCHlAr’lCOo®, which in the 
Meerwein arylation reaction could arise by oxidation of the free-radical 
intermediate,*® undergoes scission to the olefin and carbon dioxide by a 
simple electron shift. The failure to decarboxylate at low pH is then 
attributable to the decreased dissociation of the carboxyl group. 


The Diazonium Salt 

A wide variety of diazotizable aromatic amines participate in the 
Meerwein arylation reaction. Thus halo-, nitro-, alkoxy-, acetamido-, 
sulfo-, arsono-, alkyl-, and aryl-anilines have been used, as well as a- and 

Rehan and Mathur, J. Indian Chtm. 28, 540 (1951). 

Mathnr, Krishnamnrti, and Pandit, J. Am. Chtm. Soc., 75, 3240 (1953). 

Vaughan and Craven, J. Am. Chtm. Soc., 77, 4629 (1955). 

Johnson and Heinz, J. Am. Chtm. Soc., 71, 2913 (1949). 
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/3-naphthyIamines. Disubstituted anilines, mostly dihaloanOines, and 
trisubstituted nnilmes have found occasional use. Diamines such as 
p-plienylenediamine and benzidine yield bis-products uhen tetrazotized 
and coupled u ith two equivalents of aciyloiiitnle. 

Xo generalizations can be made about the effects of substituents that 
will be free from exceptions. HowcTCr, several trends have been noticed 
that will be helpful in predicting whether a new example is likely to 
succeed. First, diazonium salts containing electron-attracting groups 
usually give better j-ields than does benzenediazomum chloride. Nitro 
groups and halogen atoms are often particularly beneficial. There are 
not enough comparisons with other electron-attracting substituents 
(such as carboxyl, cyano, acetyl, snlfo) to permit confident prediction, 
but thej- appear to lead to better yields. It also appears that the 
electron-attracting group must not be insulated from the ring by a methj 1- 
ene group ; this statement is based on the report that p-carboxymethyl-, 
p-cynnomethyl-. and p-methoxiinethilbenzenediazomum chJonde fail to 
react with cinnamic acid.*** 

Alkyl groups, as in the toluidines and xjlidines, are frequently harmful, 
and the yields from the alkylbenzenediazonmm salts are usually' inferior 
to those from nitro- and halo-benzenediazonium salts An aryl group is 
usually lielpful, unless condensed as in the naphthylamines 

The effect of a methoxyl group is ambiguous. Most of the data show 
that the yields from diazotized nnisidines are better than with diazotized 
aniline, but not so good os with nitro- and halodwzomum salts. 
Occasionally the best juelds (or the poorest) in a series are obtained from 
alkoxylated diazonium salts. 

Second, the position of the substituent may be critical. The tables ^ 
the end of tliis chapter show that the best juelds are usually obtained 
when the substituent is pam to the diazonium function, poorest 
ortho. This seems to be especially true of the more negative, bulkier 
groups such as nitro and carboxy and less true of methyl and 
groups. One ortho halogen atom seems to have little effect, bu wo 
Ortho halogen atoms sometimes completely prevent t e reac lO^^ 
Sigmficant e.vceptions are found in the arylation of quinone,* butaiene. 
benzalacetone,*^ and cinnamic acid,* where the yields of art o- an para 


nitro products are comparable . , 

Probably the position effect is not entirely stenc. For example, in the 
aiylat.on of acrylic acid, the jaeld. of o-halocmn.nuo ac.d acre not 
affected in the .erie, o-ehlonv, o-bn. 0 . 0 -, aod o-iodo-bentenrf.azonium 
chlotide, being 20% in each ea» ” Even 2 , 6 -dicMorob.nzcned.aron.nin 
chloride gave a 20% yield of 2 ,GaiicMoroeinnamic acid. On the other 
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hand, in the same reaction, the yields from o-, m-, and ^-nitroben 2 ene- 
diazonium chloride were 7, 29, and 60%, respectively.®^ Possibly the 
adverse effect of an o-nitro or o-carboxyl group is a result of formation of 
an internal complex betaveen the diazonium group and the substituent, 
which does not readily accept an electron from the unsaturated com- 
pound. The yield difierences also maj' result in part from the fact that 
among the three isomeric products, the para isomer is usually the easiest 
to purifj- because of its lower solubility and higher melting point. 

In view of the numerous exceptions to these generalizations concerning 
the efiects of substituents in the diazonium salt, the potential user of this 
reaction should not be deterred from attempting it with apparently 
unpromising diazonium salts. 

Although the simple diazonium salts are well represented in the tables, 
less attention has been devoted to more complicated compounds. In 
view of the variety of aromatic amines commercially available as dye 
intermediates, it is surprising to find that investigation of the ileerwem 
arylation reaction with polysubstituted anilines has been limited almost 
entirely to the polyhaloanilines. One explanation may be that the more 
weakly basic amines require special techniques for diazotization. Since 
such procedures have been highly developed in the dye industry, their 
use should permit examination of many weakly basic a min es. Hetero- 
cyclic primary amines comprise another large and neglected class. 
Qninoline-3-diazonium chloride reacted with methacrylom'trile in the 
expected manner.^ 6-3Iethoxyquinoline-8-diazonium chloride gave only 
6-methoxy-8-chloroquinoline on attempted reaction with cinnamic 
acid.i^® There is no reason to doubt that moderately stable heterocyclic 
diazonium salts will take part in the Meerwein arylation reaction. It is 
also possible that the less stable ones, such as those derived from 2- and 
4-aminopyridine which commonly lose nitrogen to give 2- and 4-halo- 
pyridine, may be used in the lleerwein reaction by application of JlaU- 
nowsld’s technique^ of diazotizing the amine in the presence of the 
unsaturated compound and cupric chloride. 

Factors Influencing Addition vs. Substitution 

The Meerwein arylation reaction will in general give two products, one 
arising from substitution of a hydrogen on the ^-carbon atom of the 
olefin by the aryl group, the other by addition of the aryl group and 
chlorine atom to the double bond. It would be helpful to be able to 
predict which product will be formed from a given reaction and what 
experimental conditions will favor one or the other product. (In many 
CooT:, Heilbron, and Steger, J. Chtm, Soc^ 1943, 413, 
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cases this knowledge is not important, for the addition product can 
usually be convcrteil to tlie substitution product by dehydrohalogenation 
"ith a tertiary amine or a stronger base such ns potassium hydroxide.) 

ArXjCl + RCn=CnZ-. ArCR=CRZ + ArCH{R)C(R)ClZ 

A B 

However, no systematic study of this aspect of the reaction has been 
published. Therefore several tentative generalizations based upon a few 
scattered observations can ser\-e only as rough guides. 

Tlie controllable factor which seems to influence the proportion of 
addition and substitution products is the pH of the reaction medium. 
The basis for this statement is the fact that arylation of maleic acid at the 
customar)’ pH of 3 to 5 proceeds with decarboxylation, while in more 
acidic medium the addition product la formed without decarboxylation 
If this is generally true, it is probable that the best yields of addition 
product will be obtained by operating in the most acidic' medium that 
will permit the reaction to occur. The concentration of chloride ion 
probably also plays a role. 

The most important factor, namely the structure of the olefin, cannot 
be controlled. It appears from the tobies that most olefins give chiefly 
Addition products. The exceptions are cinnamaldebyde, benzalacetone, 
Acrylic acid, methacrylic acid, clnnamyhdeneacetic ester, coumarm, 
Aometimos maleimides, and of course those compounds that undergo 
decarboxylation. It is likely that a careful examination of most of the 
reported reactions would disclose the presence of both types of product. 
One may tentatively conclude that, if the substitution product is exten- 
sively stabilized by resonance, as with the 3-arylcoumarins, such products 
will be formed, probably because an extended conjugated system is 
thereby formed. This explanation does not account for the fact that 
acrylic and methacrylic acids give the substitution product exclusively, 
whereas the corresponding esters give addition products. This situation 
may result from the use of sodium bicarbonate during the isolation of the 
products from the acids, since the addition product is 
dehydrohalogenated by this reagent, as shown by the presence of ionic 
halide after the bicarbonate treatment. 

Side Reactions 

The low yields often obtained in the Meerwein arylation reaction 
attest to the prominence of side reactions. This is not surprising I'J^wiew 
of the wide variety of reactions that diazonium salts undergo. Those 
that have been identified as occurring durmg the Meerwein arylation 
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In the reaction ofp.chlorobenzenediazonium chloride with acetone without 
cupric salt and sodium acetate, about 14% of chloroacetone was produced. 
Cupric chloride and sodium acetate increased the j-ield of chloroacetone 
to 45%. Comparison of Tariouslj substituted diazonium salts showed 
that the jield of chloroacetone in the presence of cupric chloride and 
s^um acetate was greatest with negatively substituted diazonium salts ; 
highest with 2,4-dichIorobenzenediazonium cWoride (65%), and lowest 
mth p-methoxybenzenediazonium chloride (18%). Unfortunately, al- 
though the deamination product was isolated in several cases, jnelda and 
reaction rates were not given. Therefore the data do not show what 
fraction of the chloroacetone arose from the reaction just written and 
"hat fractions came from the independent attack of cupric chloride on 
acetone.** This point deserves reinveatigation The reduction may be 
explained as hydrogen transfer lo the intermediate ar}-! radical from 
acetone.*’- 1*1 

The symmetrical azo compound ArK=NAr is often one of the 
components of the tarry by-product that accompanies the Meerwein 
arylation reaction. In some reactions this azo compound has been 
iaolated.i*-i«.i».iii it not uncommonly accompanies the Sandmeyer 
reaction, especially in the presence of insufficient cuprous chloride.i**-*** 
The most annoying and least understood side reaction is the formation 
of diazo resins. While these may be formed entirely from the diazonium 
salt, it is quite likely that some of the unsaturnted compound is incor- 
porated in the tar. Although the homopolymer of acrylonitrile could 
not be detected in a typical example,** it is known that diazonium salts 
may function as polymerization initiators **■** If chain transfer is less 
than 100% efficient, the 1: 1 radical intermediate may add a few more 
monomer molecules before its growth is stopped. 

Further discussion of the decomposition of diazonium salts is given in 
the excellent monograph by Saunders.*** 

COMPARISON WITH OTHER SYNTHETIC METHODS 
Despite the low yields often obtained in the Meerwein arylation reaction, 
an appreciation of its simthetic value is best obtained by survejnng other 
methods that may be used for the preparation of the same compounds. 
The ensuing discussion is not intended to be an e.xhaustive 6ur\-ey of 
W.tors. J CAf.n Soe . 1937, 2007. 1938, 843 

"• Nesrorynnov. Perevalova, BndGoIo\ii}a.i>oH«rr.4W -Vom* S 5 5 , 99. 439 ( 1954) 

[C.A,. 49, 159180 (1055)] 

Saundora. Tht Annuthe Diazo 2nd «d . p 228. Arnold, London. 1949 

Holt .nd Hopson-Hill. J Chrm S'or , 1958. 4251 . 4tkm*on ot «1 . J Am Chrm Soc . 
(1950). 
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alternative routes. Rather, one or two of the more general alternati%'e 
sj'iithetic methods for the major classes of compounds available from the 
Meerwein arjdation reaction will be considered. 

The Mecrwein reaction has been used most frequently for preparing 
stilbenes. One common alternative method involves the Perkin condensa- 
tion of an arylaeetic acid with an aromatic aldehyde, followed by decarb- 
o.\: 3 'lation of the resulting a-arj-lcinnamic acid — a two-step process. Except 
u'here the aldehj’de and the arj’lacetic acid are commercially a%'ailable, 
both must be sjmthesized. A second and more recent method^^ involves 
the self-condensation of benzjd halides in the presence of alkali metal 
amides. At present this method appears to be limited to sj^mmetrical 
stilbenes and at least requires the sjTithesis of the .substituted benzyl 
halide. In contrast, the Meerwein arylation requires the aromatic 
amines (more available than the corresponding aldehj’des) and the 
cinnamic acids (or stj-renes). The cinnamic acids usually" ma 3 ' be prepared 
b}’ a Meerwein arjdation of acrybe or maleic acid. Thus, compUcated 
.stilbenes are available in two steps, and the starting materials are two 
aromatic amines and commercial acrjdic or maleic acid. 

Cinnamic acids maj' be prepared bj' the Reformatskil, the Perkin, or 
the Doebner-Knoevenagel condensation.^*® The aromatic aldehj'de is 
the required starting material and nsuallj' must be sjmthesized. The 
Meerwein procedure requires the aromatic amine and either acrj’lio or 
maleic acid. Though the jdelds maj’ be low, the product is readily freed 
from tar by extraction of the acid 'with sodium bicarbonate. 

The Meerwein arjdation of acrolein and methacrolein, recent^ re- 
ported,^®® yields ^-aryl-a-chloropropionaldehydes. If the yields could be 
improved, and if dehj-dro chlorination offer^ no difficulty, the reaction 
would constitute a valuable synthesis for ring-substituted cinnamalde- 
hydes. These important compounds are usually prepared by a crossed 
aldol condeusation between an aromatic and an aliphatic aldehyde. 

3-Arylcoumarins are prepared by condensation of salicylaldehyde with 
ring-substituted phenylacetic acids.*** Since the latter are more 
difficultly accessible than aromatic amines, the ileerwein reaction appears 
to be the method of choice for the synthesis of 3-arylcoumarins. 

1-Aiylbutadienes have been made by adding Grignard reagents to 
aldehydes and dehydrating the carbinols, for example, by adding allyl- 
magnesium chloride to benzaldehydes or methyimagnesium iodide to 
cmnamaldehydes.* *•**>** Again the aldehydes are the starting materials. 


Hatiser. Brasen, Skell, Kantor, and Brodhag. J. Am. Chtm. Soc., 78, 1653 (1956). 
Johnson^ in Ada m s, Organic Reactions, VoL I, p. 233, John Wtiev <5: Sons, "iori:, 

1942. 

von Walther and WetzHch, J. praht. Chem^ [2] 61, 169 (1900). 
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The ]Meen\ein reaction of aromatic amines »iith butadiene appears to be 
preferable, since the l-aryl-4-ehlorobutenesare readily dehj-drochlorinated 
to 1-arylbutadienes.”'*®*'^** 1,4-DiaiylbutadieDes can be prepared by 
successive Meeruein reactions, although this application has not been 
explored in detail.*®* At present, 1,4-diaiylbutadienes are prepared by 
Grignartl reactions or by the Sleerwein aiylation of cinnamylideneacetic 
acids.** 

2-Ai^-l-l,4-quinone3 have been prepared in low jdelds by arylation of 
a quinone with a diaroyl peroxide,” the latter usually being made from 
the aromatic acid. The convenience of using an aromatic amine instead 
of a peroxide u hieh usuaUj' must be synthesized, together ith the better 
yields from the amine, suggests that the aiylquinones are best prepared 
by the Schimmelschmidt,** Kvalnes,** or L’ficuyer*’ modification of the 
lleerwein reaction. 

One important general method for coupling an aromatic ring to an 
aliphatic side chain is the Grignard reaction. It suffers from the serious 
limitation that arylmngneslum halides will react with functional groups 
other than the desired one. Thus one cannot prepare Grignard reagents 
from aryl halides containing nitro, cyano, sulfo, acyl, carboxy, or carb- 
alkoxj’ groups, i.e., just those substituents which promote the Jleerwein 
reaction. 

Another method for attaching a functional aliphatic side chain to an 
aromatic nucleus is the Friedel-Crafts reaction.*** For example, metha- 
crj’lio acid condenses with toluene or p-xylene to form «-arylisobutyric 
acids.*** Crotonic acid condenses with benzene to form, after eycliaation, 
3-niethylhydrindanone.*** Cinnamic acids react with aromatic com- 
pounds giving ^.^-diarylpropionic acids,*’* although a-phenylacrylic acid 
is arylated at the *-carbon atom to give «,a-diary]propionic acids.*** 
In these examples, the orientation is the opjKBite of that obtained in the 
Jleerwein reaction, and the acids obtained ha\'e saturated side chains. 
Furthermore the Friedel-Crafts reaction is hindered or prevented by 
strongly electron-attracting groups in the aromatic nucleus, again the 
same substituents which promote the Jleerwein reaction 

In summary, the Jleerwein reaction is no sjTithetic panacea. It 
occupies an important place among those reactions which form a new- 
bond between an aromatic ring and aJ'imctionaHy substituted side chain. 


r cMlcVI «*«». 87. **5 <*»**)• ' 


Dombrovskii and Tarenfev. znar 
i-S.R. {Engl. Trarul), 27, 469 11958) (C-t, 51. 15454d (1957)]. 

'• Kirk, U.S pat 2.497.673 [C-d , 44 , «S89d (1950)] 

" Colong, and Wainawm. Dun. 1951. 920. Pnjs. Wrlv Chm 
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Isch, J. .dm CTi«r>i. Soc , 65, 59 (194S) 
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It is particularly attractive because of the low cost and ready availability 
of aromatic amines and because of its experimental simplicity. Further 
study directed toward improving the yields obtainable by suppre.ssing 
side reactions will increase its value still more. 

EXPERIMENTAL CONDITIONS 

The technique of a Jleerwein reaction is usually very simple, requiring 
no elaborate apparatus. The diazonium salt is prepared from one 
equivalent of aromatic amine, dissolved in 2 . 5 - 3.0 equivalents of hydro- 
chloric (or hydrobromic) acid, b3' the addition of sodium nitrite solution. 
The cold solution is filtered if nece.ssar3' to remove 303^ diazoamino com- 
pound. Although the excess nitrous acid ma3' be removed with sulfamic 
acid or urea, it appears from qualitative experiments that the subsequent 
reaction proceeds faster in the pre.sence of small amounts of m'trite ion.®-^*^ 
The cold mixture is then adjusted to about 3-4 In' addition of con- 
centrated sodium acetate or chloroacetate solution. A pH meter or 
short-range pH paper is helpful in the operation. 

Meanwhile the unsaturated compound is dissolved in water, acetone, or 
other desired solvent. The two solutions are mixed and cupric chloride 
(or bromide) dih3’drate ( 0 . 07 - 0.15 mole)isadded. Atthispoint, additional 
water or acetone raa3' be needed to render the mixture homogeneous. 
Nitrogen evolution ma3' begin immediateh' or after a short induction 
period. Otherwise, the solution is warmed SI0WI3’ to the temperature 
at which nitrogen evolution begins; this is usually below 25 °. Stirring is 
usuallN' unnecessary. Once the reaction begins, some cooling may be 
necessary for control. Strong cooling ma3' stop the reaction, and it is 
then difficult to initiate it again. Addition of 1 - 2 % of nitrite ion is some- 
times helpful to reinitiate reactions that have .stopped.'^^ 

MTien nitrogen evolution is complete, the acetone, if present, is removed 
by di.stillation at ordinary or reduced pressure. Steam distillation is 
usualU' desirable since man3' of the by-products such as the chloro 
compound re.sulting from the Sandme3’er reaction, the phenol, the 
chloroacetone, the deamination product, and often the unreacted startmg 
material are steam distillable. The product is separated from the 
aqueous phase b3' filtration or b3' extraction with methylene chloride, 
ether, or other solvent. The product ma3’ be freed from tar if the former 
is soluble in acid or base. Distillation of the product is recommended 
where feasible, since the tars are almost invariably nonvolatile.* If the 
product cannot be distilled, it often can be purified by dissolving it in 
petroleum ether, carbon tetrachloride, or benzene and passing the solution 


Cautitm’. Distillation of nitro-containing tars may lead to explosions. 
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through a sliort column of alumina; the diazo resin is usually retained 
as a strongly adsorbed band at the top of the column. In favorable 
cases, the product may be crj'stallized from an appropriate solvent, often 
with the aid of activated charcoal. 

Should the simple procedure just described be unsuccessful, the first 
variable to alter is the pH. It is probable that each combination of 
diazonium salt and unsaturaled compound will have an optimum pH. 
For example, in the arylation of maleic acid, negatively substituted 
diazonhun salts react at an appreciably lower pH than other diazomum 
salts.*’ The second variable to chai^ is the solvent. As noted below, 
acetone is frequently’ harmful, and its use should probably be avoided 
when the unsatumtod compound is sufficiently water-soluble. 

In the event of continued failure, the experimenter should make at least 
one trial with 5-15% of cvprous chloride catalyst in the absence of oxygen 
before concluding that the reaction should be abandoned. 

Difficulties in purification often arise because a mixture of substitution 
and addition products is formed (see above). ^Mien the substitution 
product is the one that is sought, the crude product may advantageously 
be treated with base to effect dehydrohalogenation. Treatment with 
hot or cold alcoholic alkali is doubtless the most rapid method. The use of 
tertiary amines such as dimethylaniline, 2,0-lutidine, jym-collidine, or 
triethylamine at temperatures from 25* to as high as 220“ is recommended 
for products destroyed by stronger bases. 


Effects of Reaction Medium 

Solvent, ^^^^en the unsaturated component is sufficiently soluble in 
water, an oiganic co-solvent is usually unnecessary. In the nrylation of 
acrylic acid and maleic acid, the yields are considerably lower when 
acetone is present.*’-*’ The same is true in the arylation of furfural.*’ 
Ferrocene’”- ’*»-’** and quinones *’ do not require acetone, though com- 
parisons of yields with and without acetone have not been made. 

Acetone is by far the most popular orgamc solvent, though a few others 
have received some attention. Methyl ethyl ketone, acetonitrile, 
niethylpyrrolidone, pjTidine, dimethyl sulfoxide, sulfolane (tetrahydro- 
thiophene-l.l-dioxide), and 2,4-<iimethylsulfolane appear, from very 
limited data, to be useful. In the arylation of coumarin withp-chloro- or 


VVeinmayr, J. Am, CAem Soc.. 77, 3012 (1955). 

9?, 459 (1954) [C,A . 49, 9633r 11955)] 
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102 , 535 (1955) (C.A.. 50 . 4925h ( 1956 )] 
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of aromatic compounds.*'’ that their 

Consideration of the structures of the useful solvents sug 
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more, the latter solvents reduce (deaminate) diazomum sa 
The state of the art does not permit a reliable predic 

solvent medium for a new Meerwein reaction. Initial expen Q^ber- 
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Anions. Almost all studies of this reaction have been performed with 
diazonium chlorides. Tlie few reported examples of the use of diazonium 
bromides have given roughly comparable j-ields. On the other hand, 

some attempts to use the diazonium sulfates or nitrates have failed.* It 
has been stater! (without specifying the particular examples) that no 
reaction (nitrogen evolution) took place between an olefin, a diazonium 
sulfate, and copper sulfate until hydrochloric or hydrobromic acid was 
added.* 

This behavior is understandable for those reactions where halogen is 
incorporated into the product. Here the presence of a readily polarizable 
nucleophilic anion would be essential. It is not so clear why it should be 
true when the ionic halogen is not incorporated into the product, as is 
true with coumarin,* cinnamaldehyde,* cinnamic acid,* acrylic acid,** etc. 
In fact, it is not certain that halide ion is essential, since no specific 
examples have been cited in support of the claim that it is. Eecent 
experiments have shown that halide ion is desirable but not mdispensable.* 
Both the p-nitrophenylation of acrylic acid (no acetone) and the p-chloro- 
phenylation of cinnamic acid (with acetone) proceed when the chlonde 
ion is replaced by sulfate. However, the reactions had to be heated to 
60® to produce a rate of nitrogen evolution equal to those from controls 
at room temperature containing a plentiful supply of chlonde ion The 
chloride-promoted reaction is thus about ten tunes faster. The yields 
without chloride wore only about C0% of those with chloride Other 
examples from the literature, such as arylation of qumones and ferri* 
cinium ion, are not typical Meerwein reactions. 

One possible explanation for the function of halide is that a crucial 
stage in the reaction requires a covalent diazo compound ArN=NX. 
Anions such ns bisulfate, sulfate, and nitrate do not readily form covalent 
bonds. A high concentration of acetate ions should then permit for- 
mation of a covalent diazo acetate in the absence of habde ions A more 
plausible explanation is that a complex copper anion such as CuClj” or 
CuClj" is the effective catalyst. Such complex anions form readily with 
halides but not with nitrate, etc. If one accepts the postulate that 
cuproU'S salt is sometimes the active catalyst, halide is required both for 
the attack on acetone (see, however, Eef 73) and for complermg and 
solubilizing the otherwise unstable and insoluble cuprous copper. 

Further experimental evidence is necessary to clarify the function of 
the anion. 

Catalysts. Apart from coppersalts, which have been discussed above, 
only copper powder,**® mercuric chloride, and zinc chloride exhibited a 


Dobal. Slirhan. KrejSI. .and Pirkl. C<Mtttum Citchotlav 
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modest catalytic activit^^ in the ^-nitrophenylation of coumarin.®^ A 
■wide variety of other transition metal salts ■was essentiaUj' inert, afiording 
no better jdeld than that obtained in tbe absence of added catalyst (8%). 
More recent studies of various metal salts in other olefin-diazonium salt 
systems confirmed this observation. However, since the oxidation- 
reduction potential of each olefin-diazonium salt pair is different, it is 
probable that there exist sj'stems m which other catalysts ■wiU be effective. 
The complexing ability of the metal salt is doubtless a significant factor, 
but it cannot be assessed at the present time. 

Certaiu reactions proceed ■(rithout a catalyst. None was employed in 
the arylation of ferrocene.^^’^^"^^® Many satisfactory quinone aryla- 
tions^' require no copper salt; a trace of hydroquinone functions as the 
catalyst. In these t^’pical cases, the unsaturated compormd requires no 
added catalyst to transfer an electron to the diazoninm salt, further- 
more, quinones are notably efficient radical traps. In a few reactions 
conducted near pH 6, nitrogen evolution was observed before the addition 
of a copper salt.’^®"— However, this observation was not followed up. 

Acidity. Most Meerwein reactions have been conducted in the pH 
range 3—4, occasionally as low as pH 2®- or as high as pH 6.^““— Control 
of the pH is important in minimizing side reactions. In the lower pH 
range, the Sandmeyer reaction consumes a large fraction of the diazonium 
salt,^ and at high pH the formation of diazo resins is accelerated.^ In the 
arylation of maleic acid tlie yields were poor if the mixture was too 
acidic. ■*' However, maleic acid arylated at pH 2 gives a-aryl-^-chloro- 
succinic acids in good (though unspecified) yields.®- Aciylonitrile and 
methyl vinyl ketone have been ajylated in unbuffered hydrochloric acid 
solution with good results.®^'®®.*^®.^^ Muller apparently did not 
neutralize the free acid left over from diazotization in some reactions.^ 
Ferricmium ion was arylated in stronu aqueous sulfuric acid.^®® 

A study of the effect of pH upon yield and quality of S-p-nitrophenyl- 
coumarin showed that best results were obtained in the range pH 2-A.°® 
At pH 3, the nature of the bufferinu anion is important;®® acetate and 
chloroacetate® are best, while succinate, phosphate, tartrate, and citrate 
are inferior. Pyridine usually, but not always, gives poorer results than 
acetate. 

Deviations toward the alkaline side may result in azo coupling with 
some compoimds. Thus 7-hydroxycoumarin and p-hydroxycinnamic 
acid were arylated in a chloroacetate buffer of unspecified pH, but under- 
went azo coupling if the medium became more alkaline.® The reverse of 
this pH effect was noted in the aiylation of 2-hydrosy-l,4-naphtho- 
quinone.®® 

Malinowski, i?ocrnii-i CAsm., 27, 54 (1953) [C_4.. 48, 136TSh (1954)3. 
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Experiments with a new Mcerwein reaction probablj’ should begin in 
an acetate buffer at pH 3-4. Variations toward the acid side probably 
will bo more fruitful than variations in the basic direction, but the 
optimum pH will have to bo determined experimentally. 

EXPERIMENTAL PROCEDURES 

l-/>»Nitrophen}'Ibutadienc, The preparation of l-p-nitrophenyl-4- 
chloro-2-butenc from p-nitroanilmc and butadiene (89% crude jdeld) 
and its dehydrohalogcnation with methanoHc potassium hydroxide to 
l*p-nitrophenyUiutadiene (57-61% based on p-nitroaniline) has been 
described in Organic 5yii/Aeais.^ 

3-p-Nltrophcnylcouniarln.>'“ p-Nitroanilme (4.1 g., 0.03 mole) is 
diazotized by treatment with 25 ml. of 1:1 hj'drochlonc acid, 15 g. of 
ice, and 7.0 ml. of 30% aqueous sodium nitnte. The pH is brought to 
3-4 by addition of saturate<l aqueous sodium acetate, and the filtered 
solution is added in one portion to a solution of 4.4 g. (0.03 mole) of 
coiimarin in 75-90 ml. of acetone. Then 0.8 g. (0 0045 mole) of cuprio 
chloride dihydrate is added, and the mixture is stirred at ambient tem- 
perature until nitrogen evolution is complete Slight cooling may be 
necessary’ if the reaction becomes too vigorous The mixture is then 
steam-distilled until no more organic material distills. The water* 
insoluble residue is collected by filtration, washed with water, triturated 
with several small portions ofacetone to remove unchanged coumnrin and 
diazo rc'iins, and finally recrystalhzed from nnisole (10-12 ml, per g.). 
Pure p-nitrophenylcoumann melting at 2C4* is obtained in a yield of 
2.8-3.0g. (35-45%). 

/ronr-p-Chloroclnnamic Acid.’* p-Chloroaniline (3 2 g., 0.025 mole) 
is diazotized ns above. The filtered diazonium solution (22-25 ml.) is 
added to a solution of I 8 g (0.025 mole) of acrylic acid, 5 8 g. of sodium 
acetate, and 1 g. of cupnc chloride dihydrate in 60 ml. of water. After 
the vigorous evolution of nitrogen ceases, the insoluble material is collected 
by filtration and extracted with 5% sodium bicarbonate solution. The 
insoluble tarry portion is discarded, and the aqueous filtrate is acidified 
with dilute sulfunc acid. The p-chlorocmnamic acid is collected and 
crystallized from aqueous methanol, yield, 1 3 g. (28%), m.p. 239-240 . 

A similar procedure with p-ratroanibne yields 2.9 g (60%) of p-nitro- 
cinnamic acid, m.p. 285-286“ « The writer has confirmed this yield and 
has found that 2.methoxyethanol containing a little ethanol is a much 
better solvent than ethanol for the crystalhzation of p-nitroeinnamic acid. 
The .Meerwein acylation is far more convement than the nitration of 
cinnamic acid follow ed by separation of isomers 
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2-Methoxy-4'-phenylstilbene.''’ j)-Arainobiphenyl (16.9 g., 0.1 mole) 
is diazotized in hydrochloric acid in Ihe usual manner. The diazonium 
solution is added to a solution of 17.8 g. (0.1 mole) of o-methoxjminnamic 
acid in 1 1. of acetone containing 25 g. of anh3-drous sodium acetate and 
4.2 g. of cupric chloride dihj'drate. Nitrogen evolution is complete after 
3 hours at 20-25°. The solid remauiing after steam distillation is 
sublimed at 12571 /n and then crystallized from alcohol. Ten grams 
(35%) of the stilbene i.s obtained as small white prisms, m.p. 184-185°. 

In the preparation of stilbenes substituted in both rings, it is highlj’ 
desirable to use the more soluble of the two possible cinnamic acids and 
to supplj' the second aryl group via the amine. 

/rnn^-p-Nitrocinnaraonitrile.^ ^-Nitroaniline (4.2 kg.) in 181. of 
hot 1 : 1 hydrochloric acid is cooled to 30-40°, mixed with 24 kg. of ice, 
and diazotized with 7.3 1. of 30% aqueous sodium nitrite. The filtered 
diazonium solution is added to 1.76 kg. of aciydonitrile in 15 1. of acetone. 
After addition of 0.6 kg. of cupric chloride dihj'drate, nitrogen evolution 
sets in at 18°. (A sodium acetate buffer is not specified.) The tempera- 
ture is maintained below 30° bj’’ cooling. After nitrogen evolution is 
complete, the product is collected and crystallized from methanol. 
The yield of a-chloro-p-nitrohydrocinnamonitrile, m.p. 110°, is 5.3 kg. 
(83%V 

The chloronitrile (5.2 kg.) is dehydrohalogenated bj^ boiling it for 10 
hours with a solution of 4 kg. of sodium acetate in 20 1. of ethanol and 8 1. 
of water. The insoluble p-nitrociimamonitrile which separateais collected, 
washed, and crj’stallized from chlorobenzene, m.p. 200°; yield, 3.6 kg. 
(79%). 

a-p- Chlorophenyl -N- isopropylmaleimide p-Chlorobenzene- 
diazonium chloride solution, prepared in the usual way from 0.1 mole of 
j)-chloroaniline, is added to an ice-cold solution of 0.1 mole of N-isopropyl- 
maleunide in 30 ml. of acetone. The pH is brought to 3 with aqueous 
sodium acetate, O.Olo mole of cupric chloride is added, then enough 
acetone or water to form a homogeneous solution. Nitrogen evolution 
begins imm ediately. The mixture is kept in an ice bath for 4 hour, then 
warmed to 35-40° and maintained at that temperature with stirring for 
3 hours. The acetone is then evaporated under reduced pressure, and 
the oilj^ product is separated. 

The oil is dissolved in 50 ml. of 2,6-lutidine, heated nearly to boiling, 
cooled, diluted with 75 ml. of benzene, and filtered. The filtrate is 
partitioned between ether and water, the organic layer is washed with 
dilute sulfuric acid and water, then dried and evaporated. The ciystalline 
re.sidue is recrystaUized from ether-petroleum ether. Alternatively, the 
residue maj- be distilled at reduced pressure; the product is then more 
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easily rccrj-staUized. The wld of pure materia!, ni.p. 102-104® is 
14.C g. (51%). 

p-NItrophenylmaleic Anhydride.*® A solution of p-nitrobenzene- 
diazoniuni chloride is prepared by diazotiztng 27.6 g. (0 2 mole) ofp-nitro- 
aniline in the presence of sufficient hydrochloric acid to make the pH of 
the resulting solution about 2. It is then added with vigorous stirring 
to ft solution of 23 g. (0.2 mole) of maleic acid in SO ml. of acetone con- 
taining 8g. of cupric chloride dihydrate in 14 ml. of water. The tempera- 
ture is maintained between 12 and IS® for 2 hours, and the mixture is then 
allowed to stand for 24 hours at room temperature. The layers are 
separated, and the lower Layer is concentrated under reduced pressure. 
The solid residue is crj-atallized from a mixture of ethanol and benzene, 
giving 27 g. (50%) of a-p-nitrophenyl-^-chlorosuccinic acid as micro 
crj-stals, m.p. 275® (dec.). 

For the preparation of p-nitrophenylmaleic anhydride, 12 g. of the 
chlorosuccinic acid is dissolved in 24 g. of acetic anhydride and boded 
under reflux for C hours. The solvent is then removed at reduced 
pressure, and the residue is crystallized from ligroin, giving 8.8 g, (92%) 
of p-nitrophenylmaleic anhydride, m.p. 127°. 

l,4*Bls-(2'-chloro-2'-cyanoethyl)benzene (Use of a Diamine).” 

A solution of 21.2 g. (0.4 mole) of acrylonitrile in 100 ml. of acetone is 
added to a solution of 30 g. (0.2 mole) of p-phenylenediamine dihydro- 
chloride, 100 nil. of water, 50 ml. of concentrated hydrochloric acid, and 
10 g. of cupric chloride dihydrafc. The mixture is cooled to —7* and 
slow ly treated with 27,0 g of sodium nilnte in water. During the course 
of 2 hours, a’bout 1 mole of nitrogen is evolved. The end point is deter- 
mined with starch-iodide paper 

The cold mixture (a dark bronze, oily liquid) is filtered and allowed to 
W’arm to 28° during the course of I hour. At this temperature nitrogen 
is evolved vigorously. On the following day, tarry particles are removed 
by filtration, and the filtrate is steam distilled. About 1 1. of distillate, 
containing about 3 ml of a yellow- immiscible liquid with an acrid odor, 
is collected. The distillation is then stopped despite the fact that the 
distillate is still cloudy. 

The tarry residue solidifies on cooling. It is crystallized from 5 1.^ o 
methanol with lOg. of decolorizing carbon. The product weighs 18g 
(36%) and melts at 178-180®. After two recrj-stallizations from ethanol, 

pure 1.4-bis(2'-chloro-2'-cyanoethyl)benzene. mp 184°, is obtained. A 

larger run gave a 45% yield. 

2-o-ChIorophenylbenzoqolnone.” A solution of 325 g. of o-ehioro- 
aniline in 500 ml. of w ater and SOO ml of concentrated hydrochloric acid 
is prepared b}- warming, then cooled and mixed with 2 bg- of ice. lum 
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nitrite (350 ml. of a 40% solution) is added with vigorous stirring and 
efficient cooling below the surface of the first solution as rapidly as 
possible. The mixture is filtered; the filtrate has a volume of 3.5-4.01. 
It must be acid to Congo red and contain free nitrous acid. 

[Meanwhile a suspension of p-benzoquinone is prepared by oxidizing 
220 g. of hj'droquinone in 2 1. of water with 121 g. of potassium bromate 
and 110 ml, of N sulfuric acid. The suspension is heated at 60-75° until 
all the dark quinhydrone crystals have disappeared. It is then cooled 
to 5°, and 350 g. of sodium bicarbonate is added just before the coupling 
reaction is started. 

The quinone suspension is placed in a 10-1. flask and stirred vigorously 
whUe the diazonium solution is added below the surface of the suspension 
from a graduated dropping funnel at the rate of 25 ml. per minute. The 
temperature is maintained in the range 5-8° during addition. The 
mixture is tested periodically to be sure that it is stUl alkaline. It is 
also tested with cotton soaked in Xaphthol-AS solution or paper soaked 
in the sodium salt of /9-naphthol. If this test shows the presence of 
unreacted diazonium salt, a trace of hydroquinone is added. 

Eeaction stops abruptly when about 104% of the theoretical amount 
of diazonium solution has been added. The product is collected by 
filtration, washed with water, and dried. The crude product weighs 
. 450 g. It is purified by distiUation, giving 410 g., b.p. 160-162°/3 mm. 
The residue consists of the decomposition products of polyarylated 
benzoquinone. 2-o-Chlorophenylquinone may be recrj'staUized from 
methanol or ethanol; m.p. 82-83°. The yield is 90% based on amine or 
94% based on hydroquinone. 


TABtXLAR SURVEY OF THE MEERWEIN ARYLATION REACTION 

In the following thirteen tables are collected the examples of the 
Meerwein reaction which could be found in the literatme up to October, 
1958. The search was conducted with Chemical Abstracts Subject Indexes 
through Vol. 50, 1956. More recent references were located by scanning 
titles in Current Chemical Papers for titles suggestive of the Meenvein 
reaction. 

In each table, the unsaturated components are arranged in the following 
order: the parent compound of the series; its halogen derivatives in the 
order F, Cl, Br, I; its alkjd derivatives in the order of increasing size and 
complexity; its phenyl derivatives and its nuclear-substituted phen 3 d 
derivatives; and finalty heterocj'clic derivatives of the parent compound. 

Under each unsaturated component the diazonium salts used are 
arranged in the following order: benzenediazonium chloride, then 
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nuclear substitution products in the order F. Cl, Br, I, XOj, OH, OCHj, 
XHj, XHCOCHj, SOjH, SOjNHj, AsOjHt, alkyl in the order of increasing 
size and complexity, nrjd (including condensed aryl as in naphthalene- 
diazonium chloride), CHO, COjH.COjR, COR, CX, and finally heterocj-clic 
diazonium salts. 

The individual diazonium salts are not entered in the tables since they 
are adequatch’ identified by inspection of the products. 

The practice has been followed of reporting the highest jield claimed 
in the literature for a particular reaction, that figure is given bj' the first 
reference cited, followed by the others in numerical order. The symbol 
(— ) indicates that no j-ield was reported. Unsuccessful experiments have 
been included in the tables. 
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Horci'cnoos 112 to 101 iiru on p. 200. 
* Thin .stiiu'Uiro wns iissiBiiod by iinnloi'y. 



.4 . ConJugatM Oimra and .1 erlf/tmrt 

Diene l*r(>«luct (Yield. %) llj-f.-rencre 

cn,=aicu=M:n, c,iurn,cH=ciicii,(i ( 70 ) 12s, los, 113, 
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(dicyclopentadienyliron, C,oH,,Fe) C«IItC|«U,Fe (6fl) 
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lie (■(’.1I5 (Vn,o.- -c:(’,ii,§ (5) 5 

P-VM\U,V:- Viw {'1\) r, 

))-0jNt),ll,0:-(‘C„ll5§ (ID 5 

§ 'I'll.' ciMuIo inodiu'.t \vi\H a mixturo of AiC.- ('G,Uj ami Ail'll-- CC1 C',Mb 5 11, waa (lohyiU'olialoKonalcMl without imvKloattou 
lo Ihi' illarylat'otyh'iio. 



a,^-UNSATURATED ALDEHYDES AND KeTONES 
Unaaturatod Carbonyl Compound Product (Yield %) 

cir,=c'iiciio c.HsCHjCnacno (lo) 

m-aC,II,CII,CHClCIIO (27) 







p-CTC,H4C(CnO)=ClIC,Ili (33) 
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Alh’Hatic a,/5-UNfiATu«ATKi> Monohahic . 
I7nflatura6ccj Compound I^iucl (Vieltl, %) 

cji,=cnco,ii o,ii4Cii=cnco,ii (O) 
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CHaril Hmc'OaU (») 

cu,i('ir^.a)iirOjt'u, u,M'i5r,ii,(’a(<'n,)cnci('Hjt’n, (uo) 

CIIjC'll-^ (Mlt'Ojt’jIIj ('^lIjClKCHjX-IK’ICOjCjlIj (S) 
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Aromatic a,/?-UN8ATURATKD Acids, 
UnBaturaleil Compound l*ro«luct (Yield, %) 

c,iijCn=cuco,n c,HsCn=ciic,n* (36)* 


THE JIEERWEIN ARYLATION REACTIO.V 


235 









-ac,ir,CH=cHco,ir o-cic,ii 4 cii==cno,u<a-o {i2) 

p-cic,ii*cn=cnc,ir«a-i» (28) 

p.DrC,n,CJI=(31C,II,a-o (17) 
oo,Nc,ir,cn=CHc,n«a-d (S) 
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* This yii'lil rofoi-a to an avticlo by Oda,*" who was iirobably ilpscribing the protlui’l in qnoslion. ’Plio ori(’inal artiolo was 
not. availablp, anil tbo nonu'iiulatui'o nspil in tiio abstract, is ninbi)piuiLs. 
t 'I'lio stnicUiro of tbo product, was not proved. 
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starting Naphthoquinone Substituent(B) in Ftodnci Naphthoquinone (Yield, %) Rofcrene 

I,2-Napl>thoquinone (C„TT,0,) 3,4-(p-HO,CC,H.), ( — ) 58 

1,4-Naphthoquinone (C„n,Oj) 2-C,nj (poor)*t 68, 54 
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NATURE OF THE REACTION 

The Tavorskii rearrangement is the skeletal rearrangement of a-halo- 
genated ketones in the presence of certain nucleophilic bases, such as 
hjdroxideSj alkoxides, or amines, to give carboxvlic acid salts, esters, or 
armdes, respectively, ilonohaloketones undergo the reaction to yield 
derivatives of saturated acids having the same number of carbon atoms. 

{CHjljCBrCOCH, ~ 'SoCHj— (CH,),CCOjCHj — Br® 

In a similar manner, suitable dihaloketones produce unsaturated 
carboxylic acids. 

CHsCa,COCHj -r 20H® — CH,=C{CH 3 )CO.H — 2Cl^ 

Analogous rearrangement of trihaloketones can mve ri<=e to unsaturated 
halo acids. 


(CHjl.CErCOCHBrj — 20H- — (CH,).C=CBrCO;H -i- 2Br® 

Smee the desraption of this rearrangement by Favorskin in IS&I. 
ccessu e investigations have largely clarified its scope, mechanism, and, 
more recently , its stereochemistiv-. Accordingly, the Favorskn rearrange- 
^ as ^-ome an increasingly reliable and specialized instrument of 
^anic synt esis. The reaction has found application for the preparation 
ghly branched acyclic carboxylic acids. It is a preferred route to 
vano^ l.sub.stituted cj-cloalkanecarboxylic acids, and provides a direct 
method for nng contraction in simple alicyclic systems and in the steroids. 
T» cirL applications include its use in the modification of the ring- 

hydrindon™ ° and in the .stereospecific sj-nthesis of 8-methyl-l- 

1 o Favorekii re-arrangement, covering the literature through 

IS-G'J, has been published.- 

* Jaeqtii-r ”‘54); J. £2] 51, 533 (15537- 
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MECHANISM AND STEREOCHEMISTRY 
Five fundamental mechanisms have been advanced to account for the 
Favorskil rearrangement. These are discussed here with immediate 
reference to the action of alkoxides on a-monohaloketones, but their 
extension to other bases or to polyhaloketones will be evident. 


Unsymmetrical Mechanisms 

Tile rearrangement was considered by Favorskii* to proceed by addition 
of alkoxide to the carbonjd carbon, with concomitant ejection of halide 
ion, to produce an epoxyether (I), followed bj' rearrangement to product. 

OR 

I 

C*0 

I 

Rj— CH— B, 


Ri— C. 


Although the isolation of epoxyethers from the action of alkoxides on 
certain adialoketones is well established, the postulated rearrangement of 
the epoxyether I into product is inherently improbable.* Such a trans* 
formation ia experimentally precluded by failure to effect this rearrange- 
ment starting with pure epoxyethers under o variety of conditions Thus 
the epoxyether intermediate is clearly not involved m the mam course of 
the FavorsVil reaction, although it plaj's a central role in the formation 
of certain by-products. 

A second mech-anism, th.nt of Richard ,* envisions the action of base on 
a-lialoketones to involve abstraction of hyxlrogen halide, either by 
simultaneous a-elimination* or by loss of lialide from a mesomeric enolate 
anion. The resulting species II would rearrange directly to the ketene 

O 

R,— C=0 rR,— C— O® K,— c=o-i II 

I ^ I - I - c 

It.— CHX L«.— c* R*— <=■• J It 

R.— C— R, 

II ni 

»F»vorsk.I.J prnil CAfm , 12} 88, MI (ISIS) 

* The forme t ton end reactions of these cpozwthera are oatlined in the discussion of side 

* Richard. Conpl rrnd , 197. 1132 (1933). 

* Hine. P/iyfieat Orjonic Citmutry, pp. 131-133. 188. McGraw Hili. Kew York. 1959 
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■2Gi 

III, which would rapidl5' react u-ith the nucleophile to give product.® 
This mechanism fails to accommodate those numerous examples of the 
Favorskii rearrangement that produce esters of the trialkylacetic type, 
wliich cannot arise from a ketene precursor. 

A third mechanism has seemed particularly attractive because of its 
analogj' to the benzilic acid rearrangement. This semibenzihc mechanism 


®OR 

Ri— C=0 
1^ 

R,— CH— X 


' & 
R2-^CH— X 


c=o 

I 

R CH““K 2 


features addition of alkoxide to the carbonyl carbon atom of the halo- 
ketone, followed by a concerted displacement of halide ion by the 1,2- 
migration of an alkyl group with its electron pair." 

A common feature of each of the three preceding mechanisms is their 
prediction that the rearrangement product of a given a-haloketone would 
be difierent from that derived from its a'-halogenated isomer.* For 
example, l-chloro-3-phenylacetone (TV) should, according to any of the 
above pathways, give rise to 3-phenylpropionic acid (Y), while l-chloro- 
1-phenyIacetone (VI) should rearrange exclusively to 2-phenylpropionic 
acid CiTI). It Is found, however, that both haloketones IV and M! yield 


CsHsCHzCOCHja C6H5CH2CH2CO2H 



CgHsCHaCOCHg X C5H3CH(CH3)C02H 


vi 


\T1 


the same acid, V, and that such a result normally' occurs.® Evidently 
the preceding mechanisms, which would maintain a given positional 
asymmetry* from starting haloketone to product, are untenable without 
appropriate modification. 

‘ Hora-rr, Spiet'shka, and Gro=s, Ann., 573, 17 (1951;; Ber., 85, 225 (1952). 

’ Tchoubar and Saclnir. 'Comp!. Ttnd., 208, 1020 (1939). 

• The preSx'?^ a and a' "wdli be usad to differentiate the two carbon atoms which arc 
adjacent to the carbonvl function </f a halohctonc. The haio^en snbrtitncnt of a mono- 
haioitctonc is regarded as beinp on the c-carbca atom. 

• McPhee and Klhwiberj, J. Am.Chtm.Soc., 66, 1132 (1944). 
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Symmetrical Mechanisms 

One rationalization of the above observations would require halogen 
migration from the a- to the a'-carbon atom.*>*« Relevant here are such 
reactions as the solvolj-sis of S-bromo-l.l-djphenylacetone to l-hydroxy- 
l,l-diphenylacetone,*‘ the reaction of a-chloroacetoacetic ester with 
ethanolic potassium cyanide to form both a- and y-cyanoacefic esters,** 
and the conversion of 2a-hromocho]estan>3-one to both the 2a- and 4a- 
acetoxycholestan-S-ones by potassium acetate in acetic acid.** Alterna- 
tively, MePhee and Klingsbeig postulate a carbonium ion mechanism in 
which a haloketone such as VI undergoes unimolecular dissociation (o) to 
a carbonium ion VIII which can tautomerize (6) through a common enol 
IX to the isomeric carbonium ion X.* The latter can then undergo 
rearrangement (c) to the acid V. The carbonium ion meehamsm largely 

(а) C.HjCnaCOCU,-* IC,UtCHCOCH,) 

VI VIII 

(б) [c«H,ciicocir,] (C«iiiCHC(OU)=cn,j (c,UjCn,cocn,] 

vm IX X 

(e) [c,ir,cn,cocn,] ic.UjCUjCn.coj — c,n*oii,cn,co,n 

X V 

lacks analog}* and has the drawback that no key role is assigned to the 
base which is a n--rmal requisite of the Favorskil rearrangement. 

The generality of any of the preceding mechanisms was disproved in 
19o0 by the elegant work of Loftfield.** A study was made of the 
rearrangement of C**-labeled 2 chlorocyclohexanone. a structure which 
did not preclude the operation of any of the postulated mechanisms. 
The rearrangement of this chloroketone in dilute ethanolic sodium 
ethoxide was shown to follow essentially first-order kinetics with respect 
to both haloketone and alkoxide. When 2-chloroc}-clohexanone-J,2-C“, 
in which the isotope w as equaUydislnbuted between carlwn atoms 1 and 2, 
was treated with less than one equivalent of sodium i«oainyloxide in 
isoamyl alcohol, the principal product was isoamy! cyclopcntanecarboxyl- 
ate, accompanied by some recovered chloroketone. Careful stepwise 

• Richard. Compl. nnd . 200. 19» 

•• Wrudler, Grabrr. and Kazan, CArm. d- Iml {Umdom}. 195S. *1'. Triraktdron. 3, HI 
(19SS). 

" Stc%-fn» and Lenk. Org. Chtm. AMr. XIM Ctmgr. /aftm. faion For, oad Appl. 

Ckrw.. 1«1. p, no. 

'• llantzarh and Schiffcr. Btr., 25, 72» (189*) 

« Fiewr and Romero, d.-t" CArn. . 75. «1« (*»*8l 
“ LoftficlJ.d. Am. CArm. Soc.. 72. «** (*»»>). 7X **07 (IMI). 
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degradation of both the ester and the haloketone established that the 
recovered chloroketone had the same isotope distribution as starting 
material, and that the radiocarbon in the ester fraction U'as distributed 
50% on the carboxyl carbon atom, - 3 °/^ on the ring a-carbon atom, and 
25% on the two ring ^-carbon atoms. 

The preceding facts clearly exclude any reversible halogen migration in 
a rearrangement of this type, and necessarily rule out significant partici- 
pation by any of the mechanisms so far discussed. The data are com- 
patible, however, with any reaction intermediate in which, by reason of 
symmetry, the a- and a -carbon atoms of the cyclohexanone are formally 
equivalent. This criterion is satisfied by a mechanism that involves a 
cyclopropanone intermediate. (The concept of cyclopropanone inter- 
mediates in the reactions of a-haloketones with bases was well established 
in the German chemical literature prior to According to 

this view, the initial step is the removal of a proton from the a'-carbon 
atom to give the haloketone enolate anion XI. Concerted or subsequent 
ejection of haUde ion leads to a cyclopropanone which is rapidly cleaved 
by alkoxide to give the rearrangement product. In the Loftfield experi- 
ment, random cleavage of the cyclopropanone XH, havine radiocarbon 



distributed as marked, would lead to the isotope distribution observed in 
tile ester fraction. 

The Loftfield mechanism resembles the pathwavs snaaested for the 
rearrangement of a-halosulfones,- a-haloacetamlides.-''md oxime p- 
oluenesulfonates.-o It ,s consistent with the knotm behavior of cvclo- 
propanone derivatives^-*^ and in good agreement with the ob,s;rved 
e..ect of various sub.stituents on the facility and course of the Favorsku 

» ■■ 26, 2220 (ISS3J. 

Conrad. 32, 1005 {1S9?). 

Panir and Ro^tebach. Rfr,, 32, 2000 

- (ISSl,. 

=• p.. -I- O'?- CZm... 23, 330 (le35). 

I- T - Cf.rm. 75, 3S nP53). 

p Ar . n ^ 499, 1 (1932). 

oh^rvatioiL,; A. S. Keride, Ph-D. 
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rearrangement. In particular, it leads to the correct prediction that 
rearrangement of uns3-mmetrical a-haloketones leads to the product 
formed through cleavage of the c3’clopropanone intermediate so as to give 
the more stable of the two possible transient carbanions. Stabilities of 
unconjugated carbanions increase in the order tertiary < secondary < 
primar3’ < benz}’!.**-** Thus the cyclopropanone XIII derived from 



xm 


3-bromo-3-meth3'lbutan-2-ODe opens to the tertiary tnmeth3’lacetio ester, 
forming a transient primary rather than tertiar}* carbanion.” Similarly, 
the e3’clopropancine from I-chloro*l>phenyIacetone opens by nay of a 
benzylic carbanion to give 3-phenylpropionic acid dentativea.' 

On the basis of the evidence at hand, it is likely that the Favorskii 
rearrangement normally proceeds by a cyclopropanone mechanism. The 
few rearrangements which for structural reasons cannot utilize this patli- 
way require special reaction conditions and probabl3' take place through 
a variant of the semibenzilic mechanism A “push-pull” modification 
of the latter has been proposed for the quasi-Fai-orskil rearrangement of 
such haloketones on treatment nilh silver salts.” 


Stereospecificit)’ 

Although the cyclopropanone mechanism has received general accept- 
ance and can often predict the formation of a preferred position isomer, 
its stereochemical implications are less firmly established. The Loftfield 
thesis implies that C3-clopropanone formation is s3Tichronous with an 
internal 2.137)6 displacement on the halogen-bearing carbon atom with 
consequent inversion at that center. 

“ ll»ube.n Ioit^SM»Cca J Sctnrr. li, 48 {IMi IC .4 . S3. 716 (I8«)!. 

” Bartlett, Frii>dm*n. «n'i Stiles, J. Am-Chtm Soc.SS. 1771 I195S). 

“OS Hammond, la 2Ce»man, Sftrtc Effttts CArmistry. PP 639—111, John 

WiW t Sons. New Yorh. 1956 

“ Aston and Greenbu^. -/ Am Chrm 500 , 82 . 8590 ( 1940 ) 

•’ Stevens and FarVas.J. Am. CJkm 5m; . 74, 5352 (1932) 

" Cope and CrahaW.J-Ae. CAem. Soe, 73. 4702 (1951) 
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This view has been questioned by Burr and Dewar on quantum 
mechanical grounds.^® The latter suggest that the geometry of the enolate 
w-orbita! is not suitable for effective .SYS-tj'pe overlap with the cr-orbital 
of the halogen-bearing a-carbon atom. Rather, they agree with Aston 
and Xewkirk^® that’ loss of halide from the enolate anion precedes C 3 'clo- 
propanone formation, and involves the generation of a species variousb 
represented as a mesomeric zwitterion’® (XIV) or as a “no-bond” canonical 
form (XV) of a cj'clopropanone.^®" ^ Subsequent collapse of this species 
to the more stable cyclopropanone would lead to the product. 

O O® 

i; 1 

c c 

^ / \ y \e 

®CH CHX j-HC CH or 

i 1 II 

xn' 

The .s^Tichronous and nonsvTichronous mechanisms are not kineticalh' 
distinguishable if enolate formation is rate-determining, but the\' clearh' 
differ in .'■tereochemical implications. The s^•nch^onous process would 
entail sterie inversion with the maintenance of essentially hybridization 
at the halogen-bearing carbon. However, the intermediacy’ of a discrete 
species XI\ or X\ of high re.sonance energy would predict racemization 
of the a-carbon atom. The pathways could thus l>e differentiated by the 
rearrangement of a suitable optically actis’e haloketone, such as X^ I, into 
a trialkylacetic acid which would indicate by its optical purity’ the degree 
of p3rticip<ation of the .synchronous as against the nons"vnchronous 

mech.anisrn. 


li 

C 

He- 


•CH- 


i 


XV 


O 


C 

HO^^ — CH 
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3 : 2 mixture of the epimeric 17-methyM7-carljoxylic esters XVIII and 
XIX, respectively.!® This result, inexplicable by the sj-nchronous 
mechanism, was rationalized by invokiiig bromine migration to C-21 
prior to rearrangement, although independent evidence for such a shift 
was not adduced. 




COCH} 

CHjL-Br 

COaCH, 

CHaIxM. 

CHj 

LcOaCHj 

X 

3j 


:& 

CHjCOa ^ 

xvn 


xvni 

XDt 


A clearcut case of stereo3peci6c rearrangement has recently been 
demonstrated using the pair of epimeric l-chloro-l-acetyl-2-methyl-cyclo- 
hexanes XX and XXII of proven configuration.^* Rearrangement of 
XX with sodium benzyloxide gave a benzyl ester converted by hydro- 
genolyeis into a single 1,2-dimethyIcycIohexanecarboxyJIc acid, XXI, 


CH] 

Cp: 

XX XXI 

The stereochemistry of this add was demonstrated by independent 
synthesis involving the stereospedfic Diels-Alder addition of butadiene to 
tiglic acid. 

Rearrangement of the epimeric chloroketone XXII gave in turn 
exclusively the benzyl ester of the diastereomeric acid XXIII. In 
addition, the chloroketone XXIV was shown to rearrange to the ester of 



dT, 




n COiH Cl COaH 

p^V-COCH^ 

H H H H 

xxn xxin xmv xxv 

« G. Stork .nd I. Borov,.!*. J. Am Clrm.Soc .gSitaeOi. tn prrm-. T. Borowit*. Pb.D. 
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XXV, proven to have carboxyl and methyl cis by its nonidentity with the 
adduct of tiglic acid and 2,3-diraethjdbutadiene. 

These results are consistent with the Loftfield mechanism and suggest 
that cj'clopropanone formation and halide loss are synchronous or very 
nearly so ; as a minimum they would require that any intermediate Xr\' 
or XV, if formed, should collapse stereospecificallj’’ to a cyclopropanone 
before the departing halide recedes bej'ond “shielding” range.^° However, 
the zvatterion mechanism may have significance for systems wherein 
steric barriers retard ring closure in the normal direction and thus allow 
the halide anion to travel beyond the range of stereoselective electro- 
static interaction before the new bond is formed. 

SCOPE AND LIMITATIONS 

Acyclic Monohaloketones 

The Favorskii rearrangement of acyclic a-monohaloketones is 
particularly sensitive to both structural factors and reaction conditions. 
Because some of the acj'clic haloketones reported in the literature are 
of uncertain structure, and because of reaction conditions that are not 
comparable, precise evaluation of the scope of the reaction in the acyclic 
series is difi&cult. Certain general structural correlations are nevertheless 
possible. In accord with the cyclopropanone mechanism, it is observ'ed 
that the rearrangement becomes more difficult as the rate of proton 
release from the a'-carbon atom is reduced by increasing alkyl substi- 
tution.i^'3°>3’ For example, in the series (CHjljCBrCOR, the yield of 
rearrangement product where R is methyl, ethyl, or 7 i-propyl ranges from 
39% to 69% (dry alkoxides in ether being used) ; where R is isopropyl 
the j'ield is at most 29%, while where R is <-butyl (no a'-hydrogen atom) 
rearrangement is not observed.’^^'^s 

Alkyl substituents on the halogen-bearing carbon atom, on the other 
hand, promote the rearrangement. This has been ascribed to steric 
hindrance toward competing bimolecular substitution or addition 
reactions.^® For this reason, rearrangement of halomethyl alkyl ketones 
is unfavorable, whereas a number of a.-haloisopropyl alkyl ketones do 
rearrange to give, as a rule, alkyldunethylacetic acids in good jnelds. 

Although the formation of the more fully sub.stituted acetic acids from 
the above rearrangements is generally observed, instances are known in 

-UecA/inKm in Organic Chcmietry, pp. 382-3M, Cornell 'Cni''- 

” Pearson and Dillon, J. Am. Chcm. Soc., 75, 2439 (1953). 

” Cardwell. CArm. 5oc., 1951, 2442. 

Sacks and Aston, J. Am. Chcm. Soc., 73, 3902 (1951). 

Aston, Clarke, Burgess, and Greenburg, J. ,4m. Chcm. Soc., 64, 300 (1942). 
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which the product formed is the unexpected, less-branched isomer. 
Thus rearrangement of the bromination product of 2,2,5-trimethylhexan- 
3-one (XXVI) leads to 93% of the ester XXVTI, rather than to the 
isomer XXVIII.** Possibly the steric hindrance to solvation of the 
carbanion intermediate leading to XX\Trr, in which the negative charge 
is on a particularly hindered neopentjl-type carbon atom, is greater than 
that required by the intermediate leading to the observed XXVII. 


CH,— CH— CO— CH,— C— CH,— CH,— CH— CH— C 

I I II ^CJ 

CH, CH, CH, CH, 

XAVI XXVII 

co,cn, 

I /CH. 

CH,— C— CU,— C, 

1 I ^cn, 

CH, CH, * 


Aiicycllc Monohaloketones 

The ring contraction of a-halocj’clanones to carboxyhc acid derivatives 
of the next loner cycle is an important appbcation of the Pavorski! 
reaction. (Ring contraction of cyclic ketones to carboxylic acids has 
also been directly achieved in 23-34% yields by use of hydrogen peroxide 
in the presence of selenium dioxide.**) Such rearrangements are usually 
less sensitive to variations of structure and reaction conditions than in 
the acyclic series, and thus prove a valuable synthetic route to certain 
abcyclic intermediates. The reaction is reasonably general for a-halo- 
cyclanones in rings of from six to ten carbon atoms. Under appropriate 
conditions, yields ranging from 40% to 75% can be obtained from the 
unsubstituted as well as from the majority of alkyl-substituted a-halo- 
ketones that have been studied. 

A possible bmitation would seem to be rearrangement of 2-halo- 2- 
alkylcyclohexnnones, two examples of which reportedly fail to undergo 
the reaction.**-** In contrast, 2-chloro-2-meth3-lcycIoheptanone gives 
the expected l-melhylcyclohexaneearboxylic acid in 41% yield.’* 

The rearrangement of 2-bromoQ'clodecanone in over 7o% J'^ld 
provide-s a preferred synthesis of cs'clononanecarboxylic acid ** 

*» P»jT>e and Smith. J Orj. Chtm.. 22. 16B0 (1957). 

•' Mou^seron and Granger. BuU roe. rtim. Fraaer, fSJ 10. 4S8 (1943). 

•• Sehenfcer and Pielog. Ht!c. Chm. Ada, 36. 898 <1953). 
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A number of y.-halogenated acylcycloalkanes undergo rearrangement to 
derivative? of the corre?yK)nding I-alkylcydoalkanecarboxyiic acid?. 
With tlie?e haloketones, the position of the halogen has a characteri.?tic 
efEect on the jield of the rearrangement product. The l-halo-l-acyl- 
c^-cloalkane? (XXIX) tend to rearrange smoothly, uhile the isomeric 
lialoniethyl cycloalkyl ketones (XXXI) do so in lower vdeld. A striking 
illustration arises from the set of bromoketones derived from acetylcyclo- 
hexane itself. The bromoketone XXIX (X — - Br) gives the methyl ester 
XXX in 79°o yield, whereas the isomer XXXI (X = Br) leads only to a 
side reaction under identical conditions.^’ This difference, which is 






less pronoimced in the ehloro analogs, has been attributed to the relatively 
slow rate-determining ionization of the tertiary proton in XXXI , which 
allows competing side reactions to predominate.^*’ Of interest in this 
connection is the rearrangement of the comparatively acidic ^-keto ester 
6-hromo-2-carbethoxycycIohexanone, which furnishes cyclopentane-1,2- 
traiw-dicarboxylic acid in high yield.**’ 

The rearrangement has been adapted to a reaction sequence which serves 
as a model for the stereospecifie synthesis of the steroid D rins.“>^-*® The 
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cpox3’nitrile ester XXXII, obtained by Daizens condensation of 2.chloro- 
propionitrile with tlie appropriate keto ester, was treated with hydrogen 
chloride followed by dilute base to give the chloroketone XXXIII. 
Rearrangement of this chloroketone with sodium benzyloxide led to the 
diester XXXI\' (R=C,HjCHj or CjHg) which on Dieckmann cyclization 
and hydrolj’sis gave 8-methjJ-/nnw-l-hydnndone (XXXV). The re- 
arrangement proceeded in 21-25% yield 

A lower homolog of XXXIV, the diestcr XXXVI, was obtained in 
about 15% yield by stereospecific rearrangement of the chloroketone 
XXXVII, which in turn was prepared by sulfuryi chloride chlorination 


CHj 



N—w^CHjCOjCHj 


XXXVl 


XXXVII 


of tlie corresponding d-ketoester Although the yields in the rearrange- 
ment of the chloroketoncs XXXIII and XXXVII were low, the stereo- 
specificity of the reaction can make this a preferred route of synthesis for 
such intermediates. 

The rearrangement of an a-chlorodicycloalkyl ketone, XXXVTII, to 
the difficultly accessible acid XXXIX has found synthetic utility.** 


Cl COiH 

cro CriO 

XXXVIII xxx« 

Limited data on «.haloketones in fused bicydjc systems suggest that 
their behavior parallels the monocyclic na well ns the more comple.v 
polycyclic analogs. The rearrangement of 4-chloro-cw-6-hydrindone 
(XL) led to a 65% vield of a mixture of the bicyelo[3 3 0]octane-2- and 
-3-carboxylic acids XLI and XLII.*’ The rearrangement of S-chloro- 
trons-S-decalone to hydrindane derivatives has been reported.*’-*’ 

•• Kopp .n<i Tchoub«r. ci.m. (#J 19. 84 <195-). £2. 1S«3 (195S). 

•’ Grtnper X».i •nU Corbirr Bull toe FnKW.lSJ 82, 5, 479 (|95S). 23. 247 (165«). 

« Cauq.iil «nd »«• Fnnct. [Si 10. 47 <1943) 

« MouMi-ron Orangfr »l .1 BnH •oc r*tm Fraefr. (S| 10. 42 (1943). H,60«(1947). 
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XL XLl XLll 

The l-bromo-bicyclo[3.3.1]nonan-9-one system (XLIII) is readily 
transformed by a variety of reagents, such as silver or mercuric salts, 
sodium amide, or potassium hydroxide in ether, into derivatives of bicyclo- 
[3.3.0]octane-l-carboxylic acid (XLIV).“'®‘’ These quasi-Favorskh re- 
arrangements are believed to proceed by a special “push-pull” mechanism 
related to the benzilic acid rearrangement. 


CO2H 



Br 

XLTII XLIV 


Aralkyl Monohaloketones 

The labilizing cflect of an aryl group leads to particularly facile re- 
arrangement for haloketones of the type ArCHjCOCHXR. Yields of the 

order of 80% arc obtained in the conversion of l-chloro- 3 -arylacetones 
to the corresponding 3-arylpropionic esters.®’ When two aryl groups 
activate the a'-carbon atom, rearrangement is very rapid, so that even 
the highly nucleophilic dialkylamines can serve as the basic reagents. 
Thus the dihydroanthracenc ketones XLV (X = Cl, Br) on treatment with 
diethylamine give the diethylamide rearrangement product XL VI in about 
40% yield.'''.®2,ra 

COCHjX 


XLV 

“ Copo nnd Syncrholm, vim. Chcm. Soc., 72, 5228 (1050). 

•' Knfdhiirn, I'iclii r, Kulkn, and Hibbcrt, J. Am. Chcm. Soc., 66, 20 (1044). 
“ Dniibcn. Hi-kcy. niid Mulw. J, Am. Chcm. , Soc., 74, 2082 (1052). 

May nnd MoB’dtig, J. Am. Chcm. Soc., 70, 1077 (1048). 
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The pretence of an cnolizaWe x'-hjdrogen atom remains a requirement 
for rearrangement under normal conditions. Haloketones lacking this 
feature, such as l-chloro-l-bcnzoylcj’clohexane or 2-chloro-l.tetralone, 
do not give rearrangement products on treatment with nlkoxides.^-” 
How ever, the use of silver mHs or solid alkalhmetal hydroxides can some- 
times efTeet a qua«i-Favor^kii rearrangement of these sjstems.’^”-** as 
illustrated by the nonsfcreospecific conversion of the levorotaforj’ 
chloroketone to the racemic acid XL\'2II by the action of sodium 

hydroxide in boiling xylene.*’ 



CHj CH, 

XLVii xtvni 


Arj'l substitution on the halogen-bcanng carbon atom appears to have 
a favorable effect on the rearrangement. Thus 1-chloro-l-phenylacetone 
reacts uith mcthanolic methoxide togi\-e rearrangement products in 69% 
yield,* and the fertiarj- haloketone XLIX rearranges to give ethjl 3,3- 
diphenylpropionnte in 85% yield.** 

a 

I 

(C,U, hCCOCH, 

XU.X 


Steroid Monohaloketones 

The Favorskil rearrangement has found sjmthetic utihty in the steroids 
as a direct route to A-norsteroids and in transformations leading to 17- 
mcthyletianic acid derivatives. 

Reaction of 2 -haloehoiestanones (L) with alkoxides has been studied in 
several laboratories.**"*’ Two esters, LI and LII, can be isolated, the 

•* JUIik. .nd Pr.lt. J Am Chtm. Sot . 72. 4758 <1850) 

“ Steiena, Bprreboom. and RuthrrfoTd,.r. .4m.CS».5M , 77, 4390 (1955). 

“ TchoubM. Comp! rtnd , 2S8. 580 (1949): 235. 720 <1852). 

•' SmiMra.nMvd««e,.7.Ai«.Cio» 5«-.,81.l20l (1»59|. AWr.ots. Medicin.1 Cheirustrr 
Section, 135th Meeliiifr, Am. Chem So»„ Boolon. 1959. p 18X. 

*• Steven. Mid Sherr. J. On. CMm.. 17, 1228 (1952) 

•• Wmteniil»4nddeP.ulet. Boll «c r*.«. (5) 21. 28S (1951). 22. 1393 (1955) 

* Ev.ns, de Paulet, Shopper, .nd Winle»mU, CAcm d lm4 (tendon), 1955, 353, J. 
Chtm.Soc,. 1957, 1151. 

Smith Mid XM-e.d. Am C*f» 7^9119 

*• A. S. Kende. unpublished cbsers.two.. 


(1954) 
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former predominating. The position of the carbox 3 d group was demon- 
strated in each product hj’ Barbier-Wieland degradation to the corres- 
ponding A-norchoIestan-2-one and A-norcoprostnn-3-one, respectivelj • 
The reaction of 4^-bromocoprostan-3-one proceeds along similar lines to 
give approximately’ 25% each of the A-norcoprostane-2- and -3- 
carboxj’lates. 

In contrast to the above instances, the reaction with methoxide ion 
of 17 -brominated D-homoandrostan-17a-one LIII, which lacks an 
a'-hydrogen atom, gave onlj’ traces of the ester 




Halogenated 20-ketosteroids undergo rearrangement very readily. 
number of 17a-bromo-20-ketosteroids (LV) are transformed by methanolic 
bicarbonates in high j-ield to 17-methyletianic esters. The 17 a-metbyl 
ester LIT is invariably the principal product, but it is usually accompanied 
by a significant amount of the 17yS-epimer 



LVI L\m 


“ Prins and Shoppee, J. Chtm. SrK., 1946, 494. 
** Engel, J. Chem. Soc,. 78, 4727 (1956). 
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The action of jx)ta««iiim jnethoxideon21*chloro-5-pregncn-3^-ol-20-one 
(LVIll) proewis comparably to give 63% and 24%, respectively, of the 
17*- and 17j^-niethyletianic cetera described above.” The rearrangement 
of a 21-fluoro-20.keto«teroid takes a similar course.*^® 



Br 

LMn LDC 


The reaction of 2x-chloro-4i.bromocholc#fan-3a-ol (LIX) with ethanolic 
potassium hydroxide appoara to involve a Favorskii transformation.” 
The C,,H4«0} acid product, obtained in high yield, iias assigned an 
A^norcholestane structure corresponding to the Fnvotskvi ester LI or LIl, 
and could nri«e by rearrangement of an intermediate hslocholestan-3-one. 

DIbalokelones 

In I8D4 Favorskii reported that several aliphatic dichloroketones were 
rearranged in refluxing potassium carbon.-)te solution into unsaturated 
acids.* Subsequent studies by IVagner have shown that the rearrange- 
ment of a pumber of a,*’- or a,/J-dihaloketones can be effected smoothly 
with sodium alkoxides. It was established that the primary product 
from an a,a'-dihaloketone (LX) is an a,/J-unsaturated ester (LXI), while 



“• Kfndc, C*rn d- fmd. (London). 19M. 1346 
“ Bp«Mboom and Djcrassi. J. Oiy. Chtm , 19, 1196 (J954). 
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the product from an a;)?-dihaloketone (LXH) is a ^.y-oleSmc ester 

(LXin)« 

In practice this product specificity is not always observed because 
prototropic equilibration between an and a ^.y-isomer can occur.®^’®^ 
However, the above primaTT course of the reaction is well accommodated 
by the cyclopropanone mechanism which, moreover, is consistent with 
the .stereochemistry found for some of the olefinic rearrangement products. 
Thus it has been pointed out that the dibromoketone LXV, derived from 
what is most probably /ra7«-3-methyl-3-penten-2-one (LXTi*), gives solely 
the /ran-s-pentenoate XiX'SH on rearrangement.^^'®® 



LXVI 


Likewise, rearrangement of the dibromoketone LXVH should proceed 
through both cyclopropanones T.XLTTT and T.XTX « The observed 
yields of 29’^ ci^-pentenoate L#XX and 22°g /ron^-pentenoate LXXI are 
in accord with thi.s reasoning.®® 



Lxvn 


“ W*TO-r Br.-i JIcoTB. J. .in, Cf.rrr.. S'y:^ 72, lU'iOj. 

MarkAT, W ftnd Wi::bAAkAr. J. .dm. Chtm, ^ 

** Am. 71, 22M (1945;. 
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LXU LXXI 


Yields of 51-84% arc reported by Wagner for the alkoxide-catalyzed 
rearrangement of several aliphatic «,«'• and «,/?-dibromoketones.“'** 
The principal side reaction is the addition of alcohol to the «,^-oIefinic 
esters, uhieh gives rise to ^-alkoxy esters.** The rearrangement of the 
endocyclic dibromoketone LXXII to derivatives of 2>methylcydo- 
hexenc'l-carboxylic acid is effected by sodium benzyloxide.** 



Lxxn 


Certain dibromoketones are rearranged by the action of amines. Of 
particular interest is tlie heterocyclic dihaloketone LXXIII, which reacts 
with ammonia or primary amines to give the A*-pyrroline derivatives 
LXXIV.».«» 



LXXIII LXXIV 


" Pttoiy, Ber., SI, 668 (1898). 
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The use of a tertiary amine is illustrated by the transformation of 
5 a, 7 a-dibromo- 3 /?-acetoxycholestan- 6 -one (LXXV) into the olefinic aci 
LXXWI by refluxing pyridine.’® The acylpyridinium salt LXXVI has 
been suggested as an intermediate in this reaction. 



P^Tidine 


LXXV 


LXXVI 




On treatment with hot dimethjdaniline or potassium hydroxide solution, 
the dibromination product of cyclononanone undergoes a transannular 
reaction to give the bicyclic ketone LXXVIII.^’ 



Lxxvra 


Steroidal 17,21-dihalo-20-ketones (LXXIX, X = Br, I) and 16.1';' 
dibromo-20-ketones (LXXX) are smoothly converted by methanolic 
potassium hydroxide into the corresponding A”‘’“>- 21 -carbox 5 "lic acids. 
The rearrangement of 17a-bromo-21-iodopregn-5-ene-3/9-ol-20-one acetate 
has been shown to give both the Irans and cis acids, LXXXI and LXXXC 
respectively, the former predominating.” 

The rearrangement of certain terpene dibromoketones bj' aqueous base 
is a feature of the “WaUach degradation.”"’ An illustration is the 
transformation of pulegone dibromide (LXXXIII) to “pulegenic acid,” » 

mixture from which a 2-isopropylidene-5-methylcycIopentanecarboxjd><^ 

Woodward and ClifTord, J. Am. Chm. Soe., 63, 1123, 2727 (1941). 

” Romo and Romo do Vivar. J. Am. Chem. Soc., 79, 1118 (1957). 

■* Wallach, 414, 271 (1018). 
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UTEU LXXXn 


ftcid (LXXXIV) has been characterued.** Many of Wallach's djbrorao- 
ketones and their transformation products are of uncertain purity and 
structure. PhenoN, a-h\-droxy acids, and substances resulting from ring 
cleavage are frequently produced m preference to the Favorskil product. 


ixam t^rv 

The conTcrsion of the d-keto ester LXXXV. R = CH„ to mesaconic 
acid {LXXXVI, R — CH,) may be regarded as the earliest example of 
the Favorskil te.'irrangeinent.”'^ Although the generality of the 

Br 

I 

BrCUtCOCCOiC.Hj 

I 

R 

UIXV 

>• W*ll»ch. A"».. «7. US (1903) : 414. S33 
»• D«m»rc«y. Abb. fAim. tfph^s. (5)*0. 4M (1890). 

»• Cloe*. Bu«- »>«•«*<»• Krone*. lSl*,«e(»»90K 
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reaction had not been established, its course '^vas clearly discussed 
by WolR four years before Favorskil’s initial paper appeared.^"’ 
Subsequently Conrad showed that the aeetylsuccinic ester LXXXV, 
R = CHoCOoCoH,;, behaves similarlv, giving aconitic acid (LXXXVl, 
R = CH’co‘c,Hd.i'^ 


Trihaloketones 

The reaction of several a,a,a.'-trilialoketone3 with alkaline reagents has 
been examined. The aliphatic tribromoketone LXXXtTI reacts with 
aqueous base to give /9,/9-dimethylgIyceric acid (LXXXVIII)-^ (Th® 
formation of LXXXVIII is analogous to the production of mandelic acid 
from the action of alkali on a,a-dibromoacetophenone.'®) However, 
ethanolic potassium hydroxide converts LXXX\HI to the Favorskii 
product LXXXIX in low 3 -ield.“ 

Br OH OH 

> i i 

(CHsijCCOCHBr, (CH,)jC CHCO.H (CH3),C=CBrC0jH 

LXXXra LXXX\UU LXXXIX 

Similarly, dibromomethyl a-bromocyclohexj-l ketone (XC) gives a- 
bromocyclohexj-lideneacetic acid (XCT)."' 


Br 



xci 


The cyclic trihaloketone XCII reacts with sodium acetate in aqueon= 
ethanol to give the Favorskii product 2-chloro-l-cycIohexene carboxylic 
acid (XClH) ; the 2,2,8-trihaIocyclooctanones undergo rearrangement 
with comparable ease.'® 



xcn 



xcm 


'* Neville, J . Am. Ch^m. 70, 3499 (1948) 
y Wagner l^Moore. J. Arn. C}^. Soc.. 72 / 3 G 53 (1950). 

<1959) "^ ^ Kwhbiel. .Inn., 593. 42 (1953); He.,^ and IJrbanek. Chem. 91, 2133. 
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la the steroids, rearrangements of the tribrorookefone system XCIV 
to the corresponding bromo acids XC\' are effected in 57-72% jdeld by 
ethanolic potassium hydroxide.”’” 
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EXPERIMENTAL CONDITIONS 


Side Reactions 


The principal side reactions encountered in the rearrangement of 
a’haloketonca by alkoxides give rise to eposyethers (XCVI), a-hydroxy 
ketals (XCVII) and a-hydroxy ketones (XC\TII) having the same carbon 
skeleton as the original haiokelone. Le<s frequent by-products are a- 
alkoxyketones, unsatumted ketones, and acids resuUmg from secondary 
cleavage reactions. 

Tlie main side reaction competing with rearrangement proceeds 
through nucleophilic addition of alkoxide to the carbonyl group, mth 
the formation of a labile epoxyether (XCVX). This intermediate can 
react further udth alcohols or water to form hydro.xy ketal or hydroxy 
ketone, respectively.”-”-**-”"" 


•rill 

OB no OB 


^ — C— C— 

I I V-v 


" \V«r<l.J.CArm.Si>f..l929, IWI. 

" Moua»ron. Jacquifr, and Fontninf, Butt •oc-cSi*! Frar 
Sirens »nd Fnrkns. J Am Chtnt. Sat , 74, tlS 09Si) 

•« St«\»ns and Tazuma. J. Am. Cktm. Sat, 7S. US (1M») 
“ B^rpoann and Jliekrley, Ber., 64, SO* (iSSl). 


i. [5)10, *87. (1952). 
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Pure epoxyethers have been obt-ained bj* action of ethereal alkoxides 
on K-halopropiophenones and a-halocj'clohexjd phenyl ketones."'*'®^’*^ 
These well -characterized epoxj'cthers reacted rapidly with methanol or 
methnnolic'raethoxide to form a-hydroxy ketals, and with aqueous acid or 
base to give a-hydroxj' ketones, but no rearrangement to esters was 
observed. Because of their labilit3', a-epoxj'ethers are not normally 
isolated a.s such from Favorskil reaction mixtures.* In the presence of 
alcohols during reaction or isolation of the products, the principal bj'- 
product is the expected hydroxj* ketal,*®-^* or an epox3’ether dimer 
believed to be formed b3' reaction of h3'drox3' ketal with the epox3'ether. 

H3’drox3' ketones result on treatment of a-haloketones b3" h3'drox- 
ides,-®'^^ or through h3'drol3'.sis of epox3'ethers during reaction or isolation 
of the products.®^*"? Such a-hydrox3' ketones raa3' undergo subsequent 
h3’drol3'tic or oxidative cleavage to give carbox3'lic acids. The formation 
of 21 % of cyclohexaneearbox3'lic acid from chloromethyl cyclohexyl 
ketone and sodium methoxide has been ascribed to hydroh'sis of the 
intermediate h3'drox3Tneth3'l ketone, since formation of the acid was 
largeB' eliminated under rigoroush' anhydrous reaction conditions.’^T 
Formally similar reactions in the steroids have been attributed to the 
reaction of h3’droxy ketone intermediates v^dth oxvgen in the presence of 
alkoxide.®«.«.« 

The extent to which side reactions such as the above interfere with 
the normal Favorskil reaction must depend on the rate of epoxyether 
formation compared to the rate of rearrangement. This ratio is » 
function of several factors, primarily the structure of the haloketone and 
the nature of the halogen. With a given haloketone, there appears to be 
a dependence on the polarity of the reaction medium and po^ibly the 
nature of the alkoxide.^®-*^ The effects of these experimental variables 
are discussed in the following sections. 

Other side reactions include direct substitution of certain a-halo- 
ketones by alkoxides, particularly methoxide ion, to form a-alkoxv 
ketones.^'" The use of amines as Favorskil reagents gives rise to 
a-amino ketones.='->“'S®'.®s In some instances, dehydrohalogenation to 
unsaturated ketones may occur.*® 


« Temnikova and Kropackeva, J. Ctn. UJSJS^^ 19. 191T <10491 44, IS— 

(1950)3. 

* The reported® formation of n-eporcyethera from the action of alcoholic alkoxides on 
alicychc a-haloketones has been qnsstioned by Stevens, who has identified several snch 
products as s-hydrcfxy lictals.** 

t Hydroxymethyl cyclohexyl ketone and 1-hydroxy-l-benxovIcvclohexane a.-e known to 
cleave m^ to give cyclohexanecarboxyUc acid and benxoic arid,' resnectivelv.tt.t^.^ 

“ Stoll and Hnlstkamp. Hdv. Chm. AcLa. 30, IE15 (1947). 

** Bamss, Pau?actar, siui Badcock, J. Chtrm. 1S5X, 730. 

JuHien and Feuche, BtxZJ. eXfm. ^pirtcc-, [5] 20 374 (1053) 

“ Dodson, Morello. and Dauten, Am. Chm. 76. ^-05 '(19^4). 



THE FAVORSKll REARRANaEJlENT OF IlALOKETONES 285 

The cationoid character of halogen in bromoketones renders the latter 
liable toreduction or disproportionation in the presence of strong bases. ** 
The reaction of 2-bromocycIohexanone and related substances with alkali 
is accompanied by formation of a-hydroxy acids having a rearranged 
carbon skeleton.**.’*-®* These are considered to arise through dispro- 
portionation to dibromoketones followed by hydrolysis to a-diketones, 
which undergo the benzilie acid rearrangement,*®'** 


Nature of the Halogen 

Chloroketones are normally preferable to bromoketones as reactants 
in the Favorskii rearrangement. For example, chloromethyl cyclohexyl 
ketone (XCIX) reacts with sodium methoxide to give 38% of Favorskii 
ester, whereas the corresponding bromoketone (C) under these conditions 
gives exclusively side-reaction products®* Comparable differences have 
been observed for the 2-hafocyclobexanone3*® and the a-haJodicyclobexyl 
ketones.*’ 



XCIZ <X-CI) 
C (X B») 


Loftfield has pointed out that, although the rates of rearrangement for 
haloketoncs XCIX and C are probably comparable, the rate of the main 
competing side reaction, epoxyether formation, is much greater for the 
bromoketone C than for the chloro compound XCIX *» (The consequent 
suggestion that u-fluoroketones might serve as superior starting materials 
for the rearrangement awaits experimental veri6oation.**“) Extension of 
this principle to aliphatic a-monohaloketones has not been investigated 
in detail but is probably valid "•** In the rearrangement of 2-haIo-3- 
ketosteroids'* or 2l-halo-20-kefo5teroids** the chloro compound offers 
only minor advantages over the bromoketone. Data are lacking con- 
cerning the rearrangement of simple a-iodoketones. The reaction of 
K-p-toluenesulfonyloxyketones with alkoxides can proceed with elimma. 
tion of p-toluenesulfinafe anion to give ot-diketones.** 


« LrleiindCovey.J.A«-.CJ.fm , 75. *«* <18S11 
- SchwsnenUch >nd W.ttwrr, Hrfr. €».«. Acta. 30, ««3 
•• Bochman and Sargent, J. Ory. 7, •«* (IBSXJ. 

Delbaere. Bull. aoe. f/»'» Bilyn. 51. * (*9<5). 

•• riattner, Heuascr. and Bo>ce. Hclr.ntm Acta. 31. 803 (1918}. 

•• R B Woodward and S. Le'inf. t“*P“*’*“**"l “**'r>ation». S LeMne.PhD tbnia, 

rvard University. 1953. 
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Choice of Base and Solvent 

The choice of base and solvent can profoundh' affect the jdeld of 
Favorskii reaction. This is particularly clear-cut in the aliphatic series, 
as is illustrated by the data in Table I on the rearrangement of the 
bromoketone Cl, in which the Favorskil ester CII, the hj'droxy ketal 
cm, and the ketol CIV may be formed. 

OK OH 

(CHal.CBrCOCHa > {CHj)jCCO.R -i {CHjl.CfOHfCCHj -i (CH,).CCOCHj 

OR 


Cl 

CII 

cm 


CIV 


TABLE 

I 



Reaction of 

(CHjl.CBrCOCH, 

(Cl) U-KDER 

COKDITIOXS 


OF THE FAVOKSKU 

RE-ACTION 

Yield (%) 


Base 

Solvent 

Yield (%) 

of By- 

Reference 



of CII 

products 


Sodium isopropoxide 

Diethyl ether 

61 

0 

20 

Sodium ethoxide 

Diethyl ether 

Cl 

0 

26 

Sodium methoxide 

Diethyl ether 

39 

20 CUI 

26 

Sodium isopropoxide 

Isopropyl alcohol 

20 

8 CHI 

26 

Sodium ethoxide 

Ethanol 

14 

32 CHI 

26 

Sodium methoxide 

Methanol 

0 

77 CUI 

26 

Barium carbonate 

Water 

3 


95 

Potassium hydroxide 

Water 

0 

76 CIY 

95 


Base and solvent effects on the rearrangement of 2 -chlorocyclohexanone 
and 1-chloro-l-acetylcyclohexane have been studied in detail by Stork 
and Borowitz.” Xo correlation is found between yield and the 
the alcohol, nor is there observed a simple dependence of tield on the size 
of the alkoxide ion, as earlier data seem to sug 2 est.“'*°* The use of 
excess alkoxide (2 to 4 equivalents) and high base concentrations leads to 
significantly higher yields in the homogeneou.s reactions. Rigorously 
anhydrous conditions are not essential for these haloketones, although 
traces of water have a deleterious efiect in the reaction of other halo- 
ketones.“4“ Yields obtained with given solvent-alkoxide combinations 
are listed in Table II. 

Vemis-Daiulova, J. Gen. Ct^.m. VSJS.lt., U, Si7, (1941) ICS. S6, 4094 (1942)1. 

Potasriraa J-bntoiide gave a poor yield m the Tearmngeiaeiit of C^^iiloroovcIotEiaaoo?-’^ 
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Sodium cthoxidc 
Sodium cthoxide 
Sodium mcthoxidc 
Sodium isopropoxidc 
Sodium hopropoxide 
Sodium i«oamyIoxidc 
Sotlium bcnxyloxidc 
Sodium bcnxyloxide 
• DaUof Loftfleld.' 


TABLE II 

llEAnRANOEMEXT ACIB UsiXO VARIOUS 
ALKOXIDE-SOI.VEST I'airs’* 


Solvent 


Yield (%) from 
2-ailorocyclo- 
liexanone 


Yield (%) from 
l-ChlorO'l- 
acetylcyclo- 
hexane 


Ethanol CO (64)* 41 

Diethyl ether 60 

Methanol 44 

Ifcopropyl alcohol 30 

Diethyl ether 45 

Isonmyl alcohol (47)* 

Benxyl alcohol 75 57 

Diethyl ether 57 72 


Surrey of the literature reveals no single alkoxidc-solvent combination 
as clearly superior for a-nionohalokefones in general. The use of diethyl 
ether as solvent is indicated for the simpler haloketones, and theoretical 
considerations suggest that solvents of lou polarity might have a generally 
favorable effect.** Sodium benzyloxide, u.sed under a nitrogen atmo- 
sphere, and sodium ethoxide are among the more consistently successful 
reagents. The optimum choice of base and solvent appears to vary with 
the structure of the individual haloketone. 

The use of hydroxides or carbonates generally leads to extensive 
h^dfoxyketone formation Significant exceptions include the conversion 
of 2-chlorocycloheptanone to cyclohexanecarboxylie acid (60% yield) on 
treatment with hot aqueous potassium carbonate.** Similarly high 
jnelds ore obtained in the rearrangement of 17-bromo-20-ketosteroid3 
with refluxing methanolic bicarbonates.**-** Sodium hydroxide in an 
inert solvent is moderately effective with some aralkyl ketones, *•*’•**■** 
and appears to be the reagent of choice in the quasi-Favorskii rearrange- 
ment of l-chloro-l-benzoyleyclohcxane 

The use of secondary amines has bmited scope and offers no advantages 
over alkosides. “•*’■** Sodium salts of various bifunctional alcohols 
and of alicychc alcohols, such as menthol, also appear relatively 
unpromising.** Pheno.xides and thiophenoxides lead primarily to sub- 
stitution products.*®-*** Relatively non-nucleophilic bases, such as 
•• Gutsche, J. Am. Ch<m Sat . 71, JSIS (1M9) 

•’ Heusaer. Engel, Hemg. and PlalCner. Hih CAiia Join. 33. 2229 <1950) 

•• Richard. O . Th^se Sciences. Unnr Kaney. IMS 

•• Mousseron and Jacquicr. Bull »oc r4im FrtiiMV. [3) W, 8B9 (1949) 

• Kopp Mayer has claimed high j-ieUbof ealerspntieatmenl of aralkj Ichloro)tetones with 
aodnim phenozide in dioxane 

Kopp-Mayer. Compl rend. 240. 11IS(1»55). 
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sodium hj'dride or sodium triphenylmethide, do not effect rearrangement 
of 2-chloro-2-methylcycloheptanone.^ 

Eearrangement of the dibromoketone CV using sodium methoxid^m 
diethyl ether proceeds in 48% 5 -ieId;*’® the yield drops to 20% and 7^/o 
with the use of aqueous potassium hydroxide and carbonate, respective!} . 
Steroidal 17,21-dibromo-20-ketones, however, show relatively litt e 
sensitivity to such variations in reaction conditions.®^’’^®^ 

Br 

COCH.Br 


Reaction Time and Temperature 

Rearrangement of an a-monohaloketone is effected by adding the 
ketone to a fairly concentrated solution or suspension of the alkoxide at 
—20° to -7-30°. Rapid addition of the ketone to an excess of the base 
is recommended. A mildly exothermic reaction usuaUy results; 
term variations in reaction temperature normally have no effect on yield. 

Under the above conditions, homogeneous reactions of simple a-halo- 
ketones are generally complete within 10-30 minutes at room tempera* 
ture.^*>®*>®® With a-haloketones requiring ionization of a hindered 
proton, or mth heterogeneous reactions, e.g., sodium alkoxides in ether, 
considerably longer reaction times may be required.^>®^>^® The reaction 
rate may be followed by determining the hydrogen halide liberated, 
through titration as acid or ionic halogen.^^"®®-*® 

Reaction temperatures above 50° are rarelv necessary for rearrange- 
ments using alkoxides and, if maintained, may reduce the yield.®' 0" 
the other hand, reactions in which a weak base such as methanolic 
bicarbonate is employed usually require 2 to 4 hours of heating under 
reflux.®'’®® 

In the rearrangement of aliphatic dibromoketones, minimum reaction 
time and temperature, together ivith inverse addition of base to halo- 
ketone, are advisable to reduce the formation of ^-alkoxy esters and 
resins.®'.®® For example, reaction of the dibromoketone CVl vlth 
ethereal sodium methoxide for 2.5 horns gives 64% of the olefinic ester 
CVn and 2% of the alkoxy ester CITn, whereas a 30-hour reaction 
period leads to 42% of CVTI and 16% of CWH. 

%\aCTer and Moore, J. Am. Ch^m. Sor.^ 72, 1S73 (1950). 

Koeehlia and Reichstein, HtJr. Chtm. Ada, 27. 549 (2944). 
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I)rCir,CCOCU, {CH,J,C=CIICO,CH, (CHj),CCH,COjCH, 

cn, 

evil CTIU 


Experimental Procedures 

Methyl Cyelopentanecarboxylate. Detailed directions for the 
preparation of methyl cyelopentanecarboxylate In 56-61% j-ield from 
2.ch!orocyclohexanone and sc^um methoxide in diethy 1 ether are given in 
Organic iSynlAcjea.**** 

Ethyl Trimethylacetate.** (Rearrangement of a Bromoketone with 
Sodium Ethoxide in Diethyl Ether). To a dry 1-1. three-necked flask 
equipped uith a dropping funnel and an efficient reflux condenser, each 
protected by a drying tube, is added 500 ml. of anhydrous diethyl ether. 
Into the ether is placed finely sliced sodium (11.5 g., 0.5 mole), which 
is foUoued by the addition of 29Jlinl. (0.5 mole) of absolute ethanol. 
The oiixturo is held at reflux for -IS hours to ensure reaction of the 
metal.* 

The suspension is cooled in ice and 82.5 g. (0.5 mole) of 3-bromo-3- 
methy]-2-butanone is added over a period of 2 hours. The reaction 
mixture is heated under reflux for 3 hours, then water is added to dissolve 
the precipitated sodium bromide. The layers are separated and the 
ether dried over sodium sulfate. Fractionation gives 39.6 g. (61%) of 
ethyl trimethylacetate, b.p. 1 16'’/725 mm., 1.3912. 

Ethyl 3,3-DIphenylpropIonate.** (Rearrangement of a Cliloroketone 
with Sodium Ethoxide in Ethanol). In a lOO-ml. round-bottomed flask 
fitted with a calcium chloride lube is placed 5.4 g. (0.022 mole) of 1-chloro- 
1,1-diphenylacetone in 40 ml. of absolute ethanol To this solution is 
added 0.2 ml. of freshly prepared ethanolic sodium ethoxide containing 
2.42 mUlimoIes of sodium ethoxide per milliliter of solution. During the 
addition, heat is evolved and the reaction mixture turns broim. After 
1 minute, titration of an aliquot of the solution 'with hydrochloric acid 
shows that 89% of the sodium ethoxide has been consumed. The solution 
is poured onto ice, the water layer neutralized with dilute hydrochloric 

Oohe«n and V<iugh»n. Org. SynOutt, 89, S7 (1SS9). 

* Preparation of the alkoxide la fanlitsted rqaipping (he flask with a sealed stirrer and 
replacing the eodiuro metal with IS 0 g of aodiimt hydride powder (Metal Hydrides Xno., 
Beverly, Slass.). The ethanol is slowly added (o theatured hjdride suspension at a rate that 
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acid, and the organic material extracted ■svith several portions of ether. 
The combined ether laj-ers are dried over sodium sulfate, and the solvent 
is removed at room temperature ■with a water aspirator. The residue, 
4.75 g. of a dark yellow oil, is distilled to give 4.5 g. (85%) of ethyl 3,3- 
diphenylpropionate, b.p. 129-133'/0.3 mm., m.p. 19-22^, 1.4850. 

Cyclohexanecarboxylic Acid.-® (Eearrangement of a CMoroketone 
Using Aqueous Potassium Carbonate). A mixture of 5.0 g. of 2-chloro- 
cycloheptanone, 15 g. of potassium carbonate, and 20 ml. of water is 
stirred ■vigorousl 3 ' at the reflux temperat'ure for 6 hours. The reaction 
mixture is cooled and extracted ■with ether to remove neutral hy-products 
(0.76 g.). The aqueous layer is acidified and is re-extracted ■with ether 
to isolate the acid fraction. Evaporation of the dried extract gives 3.0 g- 
(69%) of cj'clohexanecarboxylic acid, m.p. 22 — 26 ^. 

!Methyl 3-!Methyl-2-butenoate.®® (Eearrangement of a Dibromo- 
ketone Using Inverse Addition of Sodium Methoxide in Diethyl Ether). 
A 2-1. three-necked flask is equipped with a sealed stirrer, thermometer, and 
a 5-1. separatory funnel. The funnel is equipped -with a sealed stirrer and 
a -wide-bore stopcock. A solution of 244 g. (1 mole) of l,3-dibromo-3- 
methyl-2-hutanone in 250 ml. of absolute diethyl ether is placed in the 
flask and cooled in a salt-ice bath- In the separatory funnel is placed 
111.5 g. (2 moles) of freshly opened sodium methoxide powder (95% 
assay, ilathieson Alkali Works) suspended in 500 mL of ether. The 
slurry of sodium methoxide is kept stirred and is added in small portions, 
over a 4-hour period, to the stirred reaction mixture at a temperature of 
0—5". After stirring for an additional 30 minutes, an aliquot of the 
reaction mixture is titrated with standard acid and it is found that less 
than 4% of the sodium methoxide remains. The reaction mixture is 
poured onto ice, the laj-ers are separated, and the water layer is extracted 
with ether. The combined ether extracts are dried over anhydrous 
potassium carbonate and the ether is removed by distillation. The con- 
centrate is rapidly distilled through a Claisen flask under reduced pressure 
to free it from any high-boUing and bromine-containing material. The 
crude distillate is carefully fractionated through a column packed with 
glass helices and the methyl 3-methyl-2-bntenoate collected at 60'/50 mm- 
The product weighs 66 g. (58%) and has ng* 1.4382. 

20-Bromo-17(20)-pregnen-3p-ol-21-oic Acid.'* (Eearrangement 
of a Tribromoketone Using Potassium Hydroxide in Ethanol). To a solu- 
tion of 3.0 g. of 17,2141-tTibromopregnan-3^-ol-20-one acetate in 600 ml. 
of boiling ethanol is added a .solution of 12.0 g. of potassium hydroxide in 
40 ml. of aqueous ethanol. The solution is refluxed for 2 hours, and the 
ethanol is then distilled under reduced pressure until solid material 
separates. The mixture is diluted with water and extracted ■with several 
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portions of ether to remove neutral products. The aqueous layer, con- 
taining the sparingly soluble potassiom salt of the acid, is treated with an 
excess of dilute sulfuric acid, and the organic acid is then extracted with 
ether. The ether extracts are washed with water, dried over sodium 
sulfate, and concentrated. ^Mien the volume is reduced to 100 ml., 
crystals begin to appear. After further concentration of the solution, the 
crystals are filtered and dried. The yield of bromo acid, m.p. 204-265°, 
>9 1.27 g. (01%). 

TABULAR StJRVEY OF FAVORSKlT REARRANGEMENTS 
Tables III-VIII list those haloketones from which products of the 
Favorskil reaction have been isolated. In addition, characteristic 
examples of unsuccessful Favorskii reactions have been included. The 
haloketones are tabulated jn the order acyclic monohaloketones, nlicyclic 
monohaloketonea (except steroids), aralkyl monohaloketones, steroid 
monohaloketones, dihaloketones, trihaloketones. Since hsiogenation of 
unsymmetrical ketones can give rise to position isomers, a question mark 
following the position of the halogen is used to indicate doubt as to the 
identity or purity of a claimed structure. The yields given refer to the 
stated rearrangement product, except that when the yield figure Is in 
parentheses it refers to jield of free acid derived from the primary re- 
arrangement product. 

The survey covers the literature available to the author through 
September 1938. A few later references are included. 
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X No normal Eavorskil prodnel was isolated. 

§ This was the yield oC eslvonc-c methyl ether obtained from the vcarrangoment product by Oieckmann cycli7.atiou and 
Bnbae(piont hydrolysis. 
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<CHi)3N + HjO 

In compounds like ^uinolizidinc derivatives in which the nitrogen atom 
Isioratedat a hridgehead, three such steps n-ouid be necessary to ehininote 
it as trimethylamine. 


CO 

0«iinliudiM 

Thus the degradation not only introdnees n new functional group, the 
olefinic double bond, uhich allows further degradation, but the number of 
steps required to liberate the nitrogen atont as trimethylamine is an indica- 
tion of its situation in the original compound. In some instances the 
course of the reaction has been cited as evidence for a particular stereo- 
chemical assignment in the original amine •• ^ 

In order to describe these reaction products in cases in nhich the 
structure of the parent amine is stiO unknown, or sj'stematic nomenclature 
would be too cumbersome, two systems are in common use. According to 
the “raethine” system, the Hofmann product is called the methine or 
methine base of the parent alkaloid, so 11 would be pyrrolidmemethme. 
The product obtained by repeating the process of methylation and 
pjTolysis would be the fcis-methine and that obtained after three steps, a 
friV-methine. This nomenclafme is u«ed widely in naming degradation 
products of morphine and its derivatives and some other alkaloids The 


• Findlay, J. Am Chrm Sor . ?«, 

’ Goutarpl. JoRot. Prelog. and Sneetlen. Hefr CAuw .-tcM. 34, 1963 (19S1) 
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INTRODUCTION* 

The conversion of an amine to an olefin by elimination of the nitrogen 
atom and an adjoining hydrogen atom is a useful procedure for degrada- 
tion and s^mthesis. 





\ 

C=M3 


/ \ 


The Hofmann e.xhaustiTe methyUtion method has been used most 
often to bring about this change, but other methods such as the thermal 
decomposition of amine oxides and the pyrolysis of amine phosphates or 
acetyl or bemoyl derivatives have often been employed to advantage. 


H ®xicn,),©oii 



+ (CH,),N + n,o 



\ / 

> 0=C + (CH,),NOn 
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* -I- RCN + H,0 
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alternative “des” sj'stem takes advantage of the fact that, after each step 
of the Hofmann degradation, one more methyl group has been added to 
the nitrogen atom. "When the amino group is finally eliminated, the 
resulting compound ma3’ be described as the “des aza” derivative. Thus 
II would be des-X-dimethylpjTTolidine and III would be des-aza-pjTTO- 
lidine. The product is called the “des” base of the parent amine with a 
prefix to indicate the number of methj’l groups which have been added to 
the nitrogen atom. 

In addition to its value in alkaloid studies, the Hofmann elimination 
reaction has been useful in the preparation of certain cyclic olefins such as 
cj'clopropene® and /ran^-c\’clooctene.® It ma 3 ’ be useful also in preparing 
other olefins of known configuration although little advantage has been 
taken of this possibilit 3 ’. 


MECHANIS.M 

The decomposition of quaternary ammonium compounds was described 
as belonging to that class of bimolecular elimination reactions called E2 
reactions. by Hughes, Ingold, and Patel in 1933.*“ Subsequent work has 
served to confirm the opinion that this Ls the u-sual course of the reaction, 
but it has also revealed cases in which this mechanism is not correct. In 
some instances the nature of the alternative mechanism seems clear, while 
in others a choice cannot be made at present. In this section considera- 
tion -nill be given first to the E2 process and then to the other possibilities. 
It may be well to point out here, however, that the fact that mechanisms 
other than E2 are known to prevail in some Hofmann eliminations and 
that these do not require Irons elimination means that it is not safe to 
assign stereochemical configuration to an amine on the basis of this reaction 
alone. 

The general requirements of the Hofmann elimination reaction suggest 
that a moderately strong base, a p h 3 'drogen atom, and a positively charged 
nitrogen center are involved since all of these are usually necessary. Most 
quaternary salts do not undergo elimination in the presence of phenoxide 
or acetate ions** or amines;*^ quaternary salts derived from phenethyl- 
amines do. Elimination proceeds without difficulty in many compounds 
that do not have an a hydrogen atom. Several examples of this tyx)e can 
be found in the tables at the end of this chapter. These observations are in 
accord with either a concerted process {E2) or a stepwise reaction (Elcb, El 

• Schlatter, J. Am. Clttm. Srjt.. 63, 1733 (1941), 

’ Cope, Pike, and Spencer, J. Am. Chtm. Soc., 75, 3212 (19S3). 

Hughes, Ingold, and Patel, J. Chtm. Soc., 1933, 526. 

n Hanhart and Ingold, J. Chtm. Soc., 1927, 997. 

“ Eunig and Baron, C}.^m. Ber., 90, 395 (1957). 
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elimination in the conjugate base) in which the ^ hydrogen atom is re- 
moved first, forming a carbanion intermediate. Actually, as Ingold pointed 
out in 1933’® and as has been restated recently,** these mechanisms may be 
taken as extremes which merge as the lifetime of the carbanion is con- 
sidered to become shorter in the stepwise reaction or as the degree of 
carbon to hydrogen bond breaking in the transition state becomes greater 
in the concerted process. 

Concerted: E2 

n 'n 

I e 

R,0 — CR, -b D ve B,C=CR, -|- BH + NR, 

I / 

NR, B, NB, 

© 

Stepwise: Elcb 

H 

I © e „ 

R,0— CR, + B e* B,C— CB, + BH 



R,C— CR, — R,C— -CR.-^ R,C-=CR, + B,N 
®NB, KB, 

A choice between these mechanisms cannot be made on the basis of 
kinetic order, since both require second order behavior. The two ex- 
tremes in mechanism do, however, lead to different predictions about the 
stereochemistry of the process. One of the requirements of the E2 mech- 
anism is that the hydrogen atom and the nitrogen group involved in the 
elimination process be coplanar and in the fran* conformation. This 
arrangement is shown using Newman’s convention.** (It must e 



» sounder, .nd Will.»ms. J. Am. 79. 3111 

'♦ Newm»n. Sime E^tcla m Oiyanu Ckrmuhry. Jrfu* Wilry 4nd Son,, Ne 
Ch«p. 1, 


York. 
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are the results to be expected of the two-step reaction if the carbanion 
has an appreciable lifetime. Presumably the change from the E2 
mechanism to the stepwise mechanism is due to the greater basicity of the 
t-butoxide ion which favors removal of the yJ hydrogen atom to a greater 
degree than does ethoxide ion. The carbanion then equilibrates so that 
the species obtained from either the trythro or the Otrto compound is the 
same and must go through the rate- and product -determining steps in the 
same waj". In this instance these steps lead to the formation of the tram 
isomer, presumably because the transition state from carbanion to tram 
product involves less steric interaction than the one leading to eis olefin. 


II B ^ 

/ /© e 

C.H.— C C— N'R, — C C— N'R» 

\ \ \ \ 

cii, c,n* CH, c,n, 


II c,Ti, H c.ii, n 

C.II,— C C^NB, — ^C— C- NR, 

^cii, ^c.u, CH,^ c,Uj cn, c,n, 


Other evidence for the (ram nature of the Hofmann elimination reaction 
is provided by a study of the olefins produced from the N.N.N-trimethyl- 
ammonium hydroxides of menthyl- and neomenthyl-amine ” it 
neomenthylamine there is a hydrogen atom m the tram relationship to 
the amino group on both carbon atoms, and elimination can give either 
2-menthene or 3-menthenc. The predominance of the latter isomer is 
taken to indicate that, given suitable geometQ', the hydrogen atom at the 
4 position IS removed preferentially. The course of the reaction of men- 
thylamine that yields 2-menthene as the major product must be governed 
by the fact that in menthylaroine the only tram hydrogen atom suitable 
for elimination is the one located on the 2 carbon atom. The change m 
product composition is some measure of the preference for tmns elimina- 
tion in this series The 3-nien(hene produced from menthylamine mu 
be formed by some other reaction pith. (See equation on p. J.b.) 

Similar evidence for tram ebmmation in alicydic amines is ^ 

certain 3.amino steroids in the 5*-chol<«tane and 5*-pregnane (A-B 
tram) series.** In these compounds com-ersion of one chair form 

>• Cop, «n,l Acton, y Am Ch,m . 8#. W5 (»»5S> 

'* McXivcn and Read. J. Chtm. Sve . 1952, 15S 

>• Haworth. McKenna, and Fo»elU/.Cirtn S»e.l953. UlO- 
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MtnlhyUnlno (US) <^55) 


another whercbj’ nil axial positions become equatorial and vice-versa is 
prohibited by the fused ring system. Consequently the equatorial ^ 
amino isomers have no hydrogen atom in the coplnnar trans orientation 
but the axial a isomers do. Only the a forms undergo elimination in 



(0 fonn) (a form) 


reasonable yield. A similar illustration is provided by the 6-amino- 
cholestanes, except that in this system the 6/9 amine has the axial conform- 
ation.i® However, with a double bond in the 5 position, the stereo- 
specificity is lost and the 3/9 amino compounds give the 3,5-diene.i® 
Evidence for the E2 mechanism instead of the two-step process in a 
simple alkyl ammonium compound is provided by the studies of Shiner 
and Smith,^® who found that hydrogen atoms in the position ^ to the 
amino group were not exchanged for deuterium atoms dining reaction 
although a hydrogen atoms were exchanged. Furthermore, by comparing 
the rate of decomposition of ethyl-2,2,2-d3-trimethylammonium hydroxide 

Gent and McKenna, J. Chtm, Soc., 1959, 137. 

Shiner and Smith, J. Am. Chem. Soc., 80, 4095 (1958). 
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with that of cthyltrimcth^tanimoniuin hydroside, it was found that 
replacement of h3'drogcn bj* deuteriam caused roughly’ a four-fold de- 
crease in rate. This isotope effect shows that a ^ hj’drogen atom is 
involved in the rate-determining step, and lack of exchange at the ^ 
position shows that anj' intermediate carbanion that maj’ be postulated 
collapses to olefin much more rapidly than it is neutralized bj* solvent, 
indicating that the elimination reaction is of the E2 tj-pe. 

Evidence for the E2 mechanism is provided b}’ kinetic, stereochemical, 
and isotope exchange data for aliphatic and alicyclic amines. Yet, one 
instance has alreadj* been discussed'* in which use of /-butoxide ion as 
the ba.se caused a change to a non-stercospecific reaction, presumably 
proceeding through the intermediate carbamon. Usually the Elcb 
mechanism requires a higher free energj’ of activation than the E2 process, 
but conditions maj* be found in which this relationship is reversed. The 
reaction of cis- and /mns-2-phcnylcj'clohcx3'lammonium compounds ma3’ 
provide an example of this t3T)e. Both substances 3'ield 1-phenylcycIo- 
hexene.*' The Irons isomer cannot do this b3' trans ebmination since the 
onl3’ suitabl}’ located Irons hydrogen atom Is the one that would be lost 



to give 3-phenylcyclohexene. It has been sho^vn that S-phenylcyclo- 
hexene does not isomerize rapidly enough under the reaction conditions 
to account for its absence in the reaction products." Conclusive evidence 
that a direct elimination to form l-phenylcyclohexene must be involved 
was provided by a study of the reaction using Ironj-2-phenylcyclo- 
hexyltrimethylammonium hydroxide bearing deuterium atoms on carbon 
atoms 3 and 6. The 1-phenyleyclohexcne formed in 91% yield contained 
no detectable amount of the S-phcnyl isomer and had the same deuterium 
content as the quatern8r3’ base from which it was prepared. ® 
difference between the direction of elimination in this compound and that 
in the structurally similar menthylamine has been attributed to the effect 
of the phenyl group in increasing the acidtty of the § h3-drogen atom. It 
is also true that trans elimination in /ra»w-2-phenylcycIohexyJamme w oidd 
require both the phenyl and tnroethylamino groups to assume axial 


** Arnold snd Richardson, J Ai 
“ Weinstock and Bordwell, -T. A 
•* A. C. Cope, G. A. Berchtold, a 


. Chm See, 7«,S«« (•»»*) 

m C*rm,&>e. 77. 6708 <MS5J. 
^d D I> Roaa 0“ PWM. IMO) • 
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positions, and this shonld he an impoi'tant factor in raising the energy o- 
the E2 transition state so that an alternative mechanism is favored. Tt- 
isomeric ci5-2-phenylcyclohesylamine may react; by an. E2 mechanism 


CeH5 



forming 1-phenylcyclohexene. The observation mentioned earlier, 
that introdnction of a double bond into the 5 position of a steroid nucleus 
enabled elimination to proceed using the otherwise unreactive 3fj ammo 
group suggests that allylic hydrogen atoms may be sufficiently acidic lO 
enter into the two-step mechanism when the concerted process is noi 
possible. If these examples are correctly interpreted, the intermediate 
carbanion mechanism may be expected to apply to compounds containm* 



allylic or benzylic ^ hydrogen atoms, but urobably only when the iraTi-i 
elimination proc-ess is unfavorable. The mechanism in such cases is bo=. 
described a.s non-stereospeciSc in that no particular geometry is required Ot 
the reactant. The reaction proceeds to give the more stable olenn. whicn. in 
the alicy die compound-s described immediate! v above, is cis and conjugated- 
However, Hofmann elimination reactions that cannot proceed hy a 'rai; * 
elimination mechanism are known in which the /J hvdrogen atom-- 
activated only by the positive nitrogen center. For these cases, it t' 
possible to suggest the ^ carbanion mecr.anism, but an alternative 
available. 


It has i>een sho’.'.Ti-^'-* that exchange of hydrogen 
occur in tne a pos itions of quatemarv ammonium ba=es. 


for deuterium can 
Such an e.xchange 


mu't 

been 


inv'olve y!ide.= 


( a carbanions) as short-lived intermediates. It hr.= 
that yii'ie^ are intermediates in elimination reaction^ 


sir.i KcgrriS-ar.. J'. Ar-.. 77. cfl flrOJ . 

Vj'ift!- ft,-'! Ar.-r^ 5^, 

Or-.'.. K.-.y. «. m:. -K-JT,. 

L- !>■. j. Ar^. SI, 
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forming olefins, presumably l>y n cyclic eia mechanism similar fo the one 
proposed for the decomposition of tertiary amine oxides (p. 362). Con' 
sequently, ylidcs could be intermediates in the Hofmann elimination 
reaction. 

It has been reported” that decomposition of ^•tritioethyltrimethylam- 
monium hydroxide at cn. l.'iO® in the presence of excess superheated steam 
(introduced to minimize the introduction of tritium by exchange at the 
« positions) led to formation of trimethylamine containing 7,8% of the 
tritium that had been present in the quaternarj’ base. It was concluded 
that the tritium was introducetl mto the trimcthj'Iamine by an intramo- 
lecular ylide elimination mechanism and not by exchange in the methyl 
groups of the quaternary ammonium hydroxide. 

Similar tracer experiments with /S deuterium labeling ha\e led to 
results that are not in agreement with this conclusion In the decom- 
position of l-cyclohexylmethyl-l-d-trimethylammonmm hydroxide at 90- 
110® and of ^,/9,^-trideuterioethylammoniuni hydroxide ot ea 115", the 
trimethylamine formed inituilly contained no deuterium. As the decom- 
position progre'sed, the trimethylamine produced was found to contain 
increasing amounts of deuterium, paralleling exchange m the methyl 
groups of the quaternary hydroxide with the 0OH formed by ^ elimination, 

When /?,/3,jff.trideuterioethyItrimethyJammonium h>droxide was de- 
composed to the extent of 70% at 150-IC0* in the presence of a large 
excess of superheated steam, the trimethylamine formed contained less 
than 0 3% of monodeuteriotrimethylamine These results appear to 
nile out a significant role for the ylide reaction path for the Hofmann 
elimination reaction of these two quaternary bases, and by inference for 
Hofmann eliminations in other simple compounds With stnictures in 
which trans elimination cannot occu-, theylide mechanism may become 
important ** 

Another possible reaction path leading to elimination is a two-step 
process in which the carbon-nitrogen bond breaks, first forming a car- 
bonium ion and an amine (El mechanism) Base is not required for these 
HN®(CH,)j-» B® + >'<CII,>j 
l{© olefin + II® 


processes, and the quaternary iodides themselves undeigo ebmmation. 

Pavinemethine,” N-metbylemetinetetrahydromethine mono- and di- 

methiodides,*» and the model compound IV'*" react m this way. In flie=e 


’ 'Veyganii. Danit'l, anU Simon (hem C«T . #1. 16S1 (19*8) 

’•A C.Copo.N A LeDol,P T Moore, and W R Moore. « be publ.^he 

• IJattersby and Bmka. J Chim Soe , 1»55. *888. 

• Batlersby and Openshaw, J CArm See . 1949, S59. 

“ Noreroas and Opensha". J Ckem Set, 1949. Ill* 
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cases the carbonium ion postniat-ed is benzylic and stabilized by a methoxyl 
group in the para position. Reaction ivith the solvent to form an alcoho 


Diethyl CH,Of^*^^CH=C(CH3)j 


CH. 


-U i, 


IV 


MCHjijSiS 


ketone, 100’ (jg. 




or ether is an important side reaction in this process unless a non- 
hydroxylic solvent such as a ketone is used. The decomposition of the 
methiodides in the absence of base does not occur vhen the nitrogen atom 
is heterocyclic, as in emetine itself, in manj* other alkaloids containing the 
tetrahydroisoquinoline nucleus, and in such model conipounds as V.^ 



The molecular rearrangements typical of carbonium ion reactions 
usually are not observed in Hofmann eliminations even irith systems of 
the neopentyl type.®- However, neobomyltrimethj-lammonium iodide in 
the presence of base in aqueous ethylene glvcol jr’elds camphene as the 
major product plus some tricyclene and bomylene.®® Dry distillation of 
bomyl- or neobomyl-ammonium hydroxide produces bomylene without 
rearrangement .®® 

One reaction that is not readily accommodated bv any of the preceding 
mechanisms is the formation of 1-methylcvcIopentene during the decom- 
position of cj-clopentylmethyltrimethylammonium hydroxide.®* The 
proportion of l-meth\'lcyclopentene in the olefin mixture formed was as 
great as 29%. In some way, migration of a hydrogen atom to the a 
carbon atom has occurred, and experiments with cvciopentylmethylamine 
labeled with deuterium at the /? position have shown that this atom is not 
the one which shifts.®® 



” Piiil-r Rr.r Bil-k. Morjzt’h., T 9 , 133 

P->'*n'.CTid. r. .In. Ck^rn.Sor^ 63 . 3132 ( 1541 ). 
luid EJir..--. J. 1953 . 3739 . 

” r. ATn.Chtm.Sx.. T9. 4725 (1537). 
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DIRECTION OF ELIMINATION 

I*rcdiction3 of the olefins which will be formed from unsymmetrical 
quaternary bases can be based upon the many studies of decompositions 
with tompounds of the type KR'X®(CH,),OH® or R,RiN®OH® in 
which the ratios of olefins derived from R end R' have been compared.**- *’ 
Similar information can be obtained from studies of the decomposition 
of compounds of the type RCH,C11N®(CH,),0H® or from comparison of 

I 

ClIjU' 

the ratio of elimination to displacement in a scries of quaternary h}’- 
droxides such ns RCH,CH^-®{CII,),OH® and R'CH,CH»N®(CH,),OH©. 
etc.**» **• ** The goal in most of this research has been to contribute to 
an understanding of the reaction mechanism rather than to prepare olefins. 
The results have been summarized in the various expressions of the 
Hofmann rule for elimination reactions of "onium” compounds. How- 
ever, no simple expression of this rule will apply to a very wide range of 
amines, and discussion of the rule will be deferred until the results of 
elifflinations with tlifferent tj-pes of amines has'c been presented. 

For many years the only evidence on which to base a discussion of the 
Hofmann elimination reaction was knowledge of the general reaction 
conditions and the direction of elimination. Largely because of the 
reaction conditions, the mechanism was assumed to be of the E2 tjrp®- y®* 
the olefin formed from a quaternary base Is very often not the one that 
would be produced by an E2 elimination of the corresponding hahde. In 
providing explanations for the course that elimination will take in a given 

CII.CH.CIinrCir, + XaOC.II, - 2 -bulene. 8 I% + 1 -butene. 10% (rvf. 40) 


Cll.Cn.CIICII, 

g i. S-butene, 6 4% -f 

N{cn,),on 


l-butene. 01.0% 


(ref. 30) 


case, three general factors are considered to be of importance, although 
there is some area of disagreement about the weighting of these factors. 
They are: the extent to which the olefin being formed may be stabUized 
by conjugation or hyperconjugation ; the acidity of the fi hydrogen atom 
that is to be eliminated; and the influence of sterie interactions of the 
various groups in the rather rigid transition state assumed for the con- 
certed elimination. The operation of the sterie factor in partieu ar is 


•' Cope, LeBel, Lee. end Moore. / CSem Soe.Ti. 4J26 (1»5T) 
” Smith end Frenk. /. Am. CAfm. Soe.. 74. 809 (lOSZ). 

•• Ingold end Vom. /. Chtm. Soc.. 1928, 3125. 

•• von Breun. Ann . 882. 1 (ISU). 

*• Dher, Hughee, end Ingold./. CSem. iSoe , I#48. 2058. 
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quite different in aliphatic, alicycHc, and heterocyclic amines and for 
simplicity in this respect, these types will be given separate considera i 

Aliphatic Amines 

In the' study of quaternary ammonium hydroxides containing variou 
primary alkyl groups, Hofmann^- ^ observed that the ethyl group 
most readily eliminated (as ethylene). There is no exception to ^ is 
generalization, which is one expression of the Hofmann rule, vhen i i 
restricted to primary alkyl groups. 'With methods such as gas chroma o 
graphy®® and mass spectrometry®’ it has been possible to obtain qm ® 
precise analyses of the olefin mixtures prepared in this way. In Ta e 


Relative Ease 

TABLE I 

OF Eliiunation of Alkyl Gkoups a-s Olefin® 

Alkyl Group 

Not Corrected for 
Number of p 
Hydrogen Atoms 

Corrected for Number 
of P Hydrogen 
Atoms 

Ethyl 

(100) 

(100) 

Isopropyl 

143 

72 

<-Butyl 

1280 

427 

n-Propyl 

2.45 

Z.l 

n-Butyl 

1.0 

2.4 

n-Decyl 

1.05 

2.6 

Isoamyl 

0.8 

1.2 

^-<-ButylethyP’ 

0.10 

0.24 

Isobutyl 

0.0 

2.7 

2-Phcnethyl 

2.0 X 10' 

3.0 X 10' 


values are given which express the relative ease of elimination of a given 
group as an olefin versus the ethyl group in terms of parts of olefin from 
“R” per 100 parts of ethjdene. In the third column, correction has been 
made for the number of hydrogen atoms on the P carbon atom ; i.e., three 
for ethyl, two for other n-alkyl groups, six for the isopropyl group and so 
on. A striking difference among simple alkyl groups is observed when the 
first three examples in Table I, in which the p hydrogen atoms are located 
on methyl groups, are compared with the others. Differences among 
other alkyl groups are slight; in particular it is interesting to note that 
the difference between the 7i-but5d and isobutyl groups is almost entirely 
a question of the number of available /? hydrogen atoms. From the 
figures l.G and O.fi given for these groups it would be predicted that the 
olefin mixture produced by pj'rolysis of ji-butylisobutyldimcthylammon- 
ium hydroxide would contain fil% 1 -butene and 30% isobutylene, which 
is exactly the composition found.®* Branching at the y carbon atom 
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seems to have ft prratcr ciTect than branching nt the P position, to judge 
by the results of the decomposition of compounds containing isoamyl 
(^-isoprojiylethyl) nnd a,3-<limcthjlbutyl (/J-I-butylethyl) groups.” 

These results illustrate the degree of validity of the Hofmann rule for 
elimination as applied to alkyl groups. The ease of elimination of iso- 
propyl and /-butyl grmips can l>e ftceommodated to the rule if it is stated 
that in elimination reactions of ammonium bases, fi hydrogen atoms are 
lost most readily from a methyl group. To explain wli)’ the introduction 
of an alkyl group at the position causes removal of a ^ hydrogen atom 
to Wcome slower, an inductive effect was nssumerl to decrease its acidity.*' 
However, the values above show that the introduction of a second alkyl 
group at the ft position (compare w-propyl and isobutyl) has little addi- 
tional effect on the rate of elimination but that an alkyl group which is 
branched at the y carbon atom shows considerably decreased ease of 

elimination. Ina study designed to lest thesusceptibility of the Hofmann 

reaction to inductive clTccts, ft senes of quaternary bases of the type 
R,CHCH,N(CH,),OH. where It * C,H». n-C,H,. i-CjHj, and /•C4H,, 
was pvrolyzed to give the following yields of the corresponding olefins- 
77% {Il=sC,H,), 73% (R»n.C,H,). 07% (U = i-C,Hj). and 81% 
(R « /.C4H,). The lowering of yield as R increases in branching from 
ethyl to isopropyl appears to be too small to be attributable to inductive 
effects. The high yield w hen R Is /-butyl may be explained as the resu t 
of reaction by cm elimination An examination of molecular models 
indicated that normal /mw elimination is prohibited by interaction be- 
tween the /-butyl groups and the tnmethylammonium group 

The dependence on size of the group rather than the number of groups 
is suggestive of a stenc rather than an inductive influence on the reac- 
tion.*’. ** The way in which the stenc factor might operate is indicated 
m the following representations of transition states which involve the 
elimination of ethylene (VI) as compared with the elimination of 
RCn=CH, (VII) from RCH,C1I^'®(C,H»)(CH,).0H9. i„formula \II 
the R groi has one skew interaction with the quaternary ammonium 
group, and the decease in ease of rfimmation as R changes m the sequence 
hydrogen, methyl, ethyl, isopropyl, /-butyl (i.e . with the ethyl, n-propyh 
n-hulyl. isoamyl, 3.3-ditnelhylbutjl groups attached to the mtro^n 
atom) is readily understood. Actually, formulas \ I and 
sentations of specific conformations of the ground states, fn the transi- 
tion states the bonds to the hydrogen and nitrogen atoms are being broken 

Ingol.l. 5irut(ur« a~l Mtehanxm tt> OrsMteCkrmutry. Cpmell Univereily Press. Ithaca. 
New York. 19S3. pp <27 c( uq. 

" A. C. Cope and D L Ko.M. to bo pabliahed. 



334 


ORGANIC REACTIOXS 


H 



CH2CH2R 


H 



C2H5 


M vn 

and should be somewhat lengthened while the remaining groups should be 
somewhat flattened toward the planar arrangement that they will assume 
in the olefin. These modifications do not affect the nature of the argu- 
ment, although the fact that the bond between the carbon atoms a and p 
to the nitrogen atom has some double bond character means that R com 
have a stabilizing effect on the transition state if it could conjugate with 
this developing unsaturation. When the substituent on the ^ carbon 
atom is a phenyl group, the steric factor is unimportant relative to the 
acidity of the ^ hydrogen atom and the elimination of strTcne is so much 
more rapid than ethylene formation that it is usually reported as the only 
olefin produced.3^ Other groups such as the carbonyl group and the 
vinyl group which also can enter into conjugation with the new double 
bond greatly enhance the rate of elimination.'*’ Such compounds must 
be considered as outside the scope of the Hofmann rule. 

By a rather easy extension the Hofmann rule may be applied to predict 
which isomer is to be expected in the greater amount when the elimination 
reaction involves a group branched at the a carbon atom so that the double 
bond might be formed in either branch. The sec-butyl group affords a 
simple example of this type in which the choice involves removal of a ^ 
hydrogen atom from a methyl or a methylene group. This example is 


CHjCHiCHCH, .... CH3 CH.CH=CHj, 95% 

jg g (ref. 36) 

!X(CH 3 ) 30 H cis- and frana-2-butene, 5% 

similar to one in which ethyl and n-propyl groups are attached to the same 
nitrogen atom and, in accord with the preference shown pre'viously, the 
less highly substituted olefin is formed in the greater amount. Here the 
choice between rotational forms (and presumably also between transition 
states) leading to elimination from the methyl and the ethyl branches fiTH 
and IX, respectively) is in favor of the former because the most bulky 
group [X® (( 313 ) 3 ] would encounter less hindrance in V 1 1 1 As with the 

“ Wieland. Koschara. Dane, Renz, Sch'rarze, and lande, Ann., 540, 103 (1939). 
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compounds discussed previously, a phenyl group on the P carbon atom 
directs elimination toward the conjugated olefin even in competition with 
a methyl group. 

C,n,CII»CHCU, — C,HjCH=CHCn, 

I 

©N'ICU,), 


C,H,CU,CnCH,OII -• C«HiCH==CHCII,OH 

®N{cn,), 

Relatively little evidence is available concerning the stereochemiatry 
or the olefin produced by the Hofmann eliminatron vhen ™ and irona 
ilometa may bo formed, fn the decomposition of S-pentyltrimellylam. 
monium hydroxide the fi-pentene obtained is a miatnre eontaimng 55.5 /, 
a, and 44 5% (mas itmmer.” «m.Butyltrimelhyl.nmonmm hydmx.de 
forms 5.4% of fi-buten. of -vhieh 59% is ris and 41% is irons. It 

CU.CH.CHCH.CU, CIUCU*<?HCH,cn, 

I e 

®N1CII,),O0 

appear, that in aliphatic case, them » produced a mixtum considerably 
ri X . i„ the ci. isomer than the eqmUbrmm ral.o of c. to irorm How- 
ever, the quaternary hydro., de prepared fmm 1 fi-diphenylethylamme 

form. ns stilbene,- while the 

and l-phenyl-l-propyl.mine» give l-phenylpropeno w-mch a largely the 
na pne y f w . ^ed derivatives of phenylalanine give 
Irans .somer and „ These results auggesl that when 

derivatives of Iran^-cinnamic acid • ^ 

a phenyl group is preseul the mom st.bi. tron. .somer formrf pm- 

ferentially. 

-rt, mm .nd SwvenB. J Chtm. Soc^ 1982. 1932. 

Thonwon “W y ch,m Soc . 74. SW (19M|. 

r°R "rrombuJl and 0 L WiUfK*. onpnblwbwl rrault*. 

and Kohnn^nn. J. An,. CUn,. 87. «« (•««• 
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Alicyclic Amines 

As contrasted with alipliatic amines, the most important factor in the 
elimination reaction of alicyclic amines, at least those having rings of six 
carbon atoms or less, is the availaiiility of a Iran-^ fi hydrogen atdm. This 
factor has been discussed as evidence for the Irons nature of the elimina- 
tion process. When there are trails p hydrogen atoms available on both 
sides of the amino group, as with neomcnthylamine*'‘'> (X) and neoiso- 
menthylamine^’ (XI), the tendency seems to be for elimination to produce 



the more highly substituted 3-menthene bj' loss of the tertiary hydrogen 
atom. The ratio of 3-menthene to 2-menthene from neornenthylamine is 
about 9:1, showing a greater preference for tertiary over secondary 
hj'drogen than is found in the aliphatic series. However, the greater 
reactmty of the meth}-! hj’drogen atoms is still demonstrated by the results 
shown in Table II with a series of l-methjdcj’cloalkjdamines. With the 


TABLE II 




Total OleHn 

Relative Amounts of Olefins 

n 

Yield, % 


Formed, % 

5 

71 

91 

9 

6 

85 

98.6 

1.4 

7 

84 

78.2 

21.8 

8 

82 

63.5 

36. .5 CIS, 0.0 trails 

9 

83 

48.0 

51.0 cis, 1.0 irans 

10 

92 

66.4 

31.4 cis, 2.2 irans 


exception of the nine-membered ring compound, the principal products 
are the less stable^*- exomethylene compounds.^- The verj^ low 

“ Tnmer and Gamer, J. Am. Chtm. Soc., 79, 2.S3 (1957). 

“ c>3pe, Ambras, Ciganek, Howell, and 3a.caTa,J.Am.Chtm.Soc., 81, 3153 (1939) ; 82, 1750, 
(1960). 

Cope, Ciganek, Howell, and .Schweizer. J. Am. Chm. Soc., 82, (in pres?, I960). 
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proportion of l-methylcyelohexene (» = 6) nmy be accounted for by the 
fact that the orientation rpquirrd for Imns ehminathn mthin the ring 
would place the bulkj- triniethylammoniam group In the axial position. 
The suggestion that cyclopentene derivatives are formed more leadily 
than cyclohe.xenc compounds is supported by a study of the decomposition 
of cyclopentylcycloliexj'ldimethjdnmmoniuni hydroxide, which gave 
mostly cyclopentene” (95% ofthe product corresponded to the compounds 
formulateil in the equation). 



UTien ft phenyl group is locnted on the ^ carbon atom, elimination to 
give the conjugated oJefin « preferred and, as indicated in fJje discussion 
of the mechanism ofthe reaction, there is some reason to believe that this is 
so even when tlic hydrogen atom to be removed is eis to the amino group. 

The problem of explaining the stereochemistry of the olefin produced in 
these reactions is a difficult one. In olicyclio compounds with seven- 
membered or smaller rings only the m form of the olefin is knowm, so the 
question does not arise. Both the cis and Imm forms of cyclooctene,*- ” 
eyciononene,**' ** and cirlodecene^are knorni. and the Hofmann elimina- 
tion reaction leads to a mixture in which thetmni isomer predominates in 
each case, Table III However, in all these compounds the cis isomer is 
the more stable,”' ” and it will l>e of interest to find an explanation for the 


TABLE III 


S 

a 

10 






Olefin Yield, % 

89 
83 

90 


60 

100 * 

08 


rjs, % References 

40 S4 

— 55, 60 

2 60. 5S 


■■ Based on infrared analysis. The product may conlain a small amount 
of the CIS is-omcr not deteefod by that method. 


M and McKenna, -r CArm for . 19S8. SS09. 

*• ZiccK-r and Wilma, Ann., S87, 1 (1960). 

" lUomquist Liu. and Dohrrr.J Am.CAfm Sef. 74, (I95I)- 

•• Cope Mol^aii. andKr1-on,.r Am Chtm for . 77. IS.IS (1935). 
” Cope Moore, an.l Moor«..r. Am CUm Sac, SI, 31M (1939) 

•• Cope Moore and Moore. J. Am CWem. 8S, UU <1960). 
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formation of the less stable Irans form when a path Is available that would 
yield the more stable cis isomer. 

Even when there is a double bond alrcadj' in the ring and the system is 
prc.sumably less flexible, the tendencj' of the Hofmann elimination to 
yield the Irons product is observed. Thus the decomposition of cis- 
cyclobctcn-3-yltrimcthylammonium hj'droxide gives 15% of cis-trans- 
l,3-cyclo6ctadiene and 41% of cis-ci-s-l,3-cyclooctadienc;^® the ratio of 
(ra 7 is to cis changes from 3 : 2 in cyclooctylamine to 0.73 : 2 in cyclo- 
octenylamine. With ci«-c\’clodccen-3-yltrimeth\’lammonium hydroxide, 
ci«-/ra7!s-l ,3-cyclodecadiene was reported to be the only diene formed, 
the new double bond apparently being introduced in the irons configura- 
tion exclusively, as is essentially the case with cyclodecylamine. Both 
of these cis-trons dienes are much more reactive than the cis-cis isomers 
and are stericalh' strained. 

Heterocyclic Amines 

Most of the useful applications of the Hofmann elimination reaction 
have been nith alkaloids containing the nitrogen atom in a ring, usually 
five- or six-merabered. In this work the structure of the alkaloid has 
been the primary concern and the structures of intermediates between 
the alkaloid and the final nitrogen-free product usually have not been 
investigated in detail. If the elimination reaction forms a mixture of 
olefins, the mixture may be subjected to a second Hofmann elimination 
reaction, or the isomers may be converted to a single compound by hydro- 
genation. Thus these reactions often do not provide information about 
the direction of elimination. Fewer model compounds have been studied 
in the heterocj'clic series than in those previously treated. Such data as 
are available are explained by the assumptions of irons elimination,®*^ 
preference for the formation of a conjugated olefin when possible, and 
preferential loss of hydrogen from a methyl group in competition with 
other alkyl groups. 

There seems to be no record of the Hofmann elimination reaction as 
applied to a derivative of ethylene imine. Decompositions of some highly 
substituted compounds containing four-membered heterocvclic rings have 
been studied. l,l,2-Trimethyl-4-isobutyltrimethyleneimonium hydrox- 
ide®2 (Xn) is reported to yield an olefin whose structure was not estab- 
lished, and 1,1,2,2,4-pentamethyltiimethyleneimonium hydroxide (XIH) 
also undergoes ring opening to give a product for which two structures 

*• Cope and Bamgardaer, Am. Chem.Soc,^ 78, 2S12 (1956). 

*• Blomquist and Goldstein^ J. .4m. Chem. Soc., 77, 993 (1955). 

McKenna, Chtm. dr Ind. (£ond<m), 1954, 406. 

Kohn and Giaconi, 2iIcnv2Uh.^ 28, 461 (1907). 
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hare been *uggcstcd.“* ** Either of these isomers nould be expected to 
produce 4.methyl.I,3-pcntadiene (the observed product) in a second step, 
as indeed would other isomers. The observation that the N*ethy]-N- 
methyl derivative of XIII undergoes ring opening rather than elimination 



D 


CH, cn, 

b I 

x-cn, — CH,— c—xtcii,), 


• tcu,),c - cncn=-cn, 


Cl!,-c N(Cir,h 

I I 

ClI— ClICII, 

of ethylene might be explained as a manifestation of ring strain or of the 
fact that one of the positions is rather similar to a t-butyl group. If a 
hydrogen atom is removed from the ring, a strictly trans orientation of the 
hydrogen and nitrogen atoms is not possible but. if the hydrogen atom 
comes from one of the methyl groups, this geometry could be attained. 
Trimethyleneimonium compounds without substituents in the 2 or 4 
position do not appear to have been subjected to the conditions of the 
Hofmann elimination reaction. 

Examples of the Hofmann elimination reaction with compounds 
cor,l,i„i„g Wm.>3-clic ring, By 

•imlogy with cycIop.nt.ne, the pycrohd.n. nng .honid hace . .hghtly 
puckeii confo,m.l.on in nhich • f hydriigen .ton. .. coplana, w.th Iho 
nit™ atom." Pj-mlidininm con.ponnda nnd.r^ the cl.m, nation 
^action nithoot difficulty. Decompoirt.on of the 2-bromo.nelhy com- 
pound i. of intereet becau.o of the long-rimuimg que.t.on of the nature of 
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th(^ fiiml product, j.irylcti-.*'- “ Tin- d.-minpoMlioii of t!io (pmtcrnnry 
s;ilt i'. nccotiiimiii.-d liy lov-i of hydro-<cn liroiiiidc, and an acetylenic 
ntnine forme*!/' A '■•‘cond elimination yields methylvinylncetylene 

(pirylene)/'* 

P 1 j H,c — nt— C-CCH. 

clT, '^Cita 

Some measure of the relative reactivity of five- and Hix-nieinhcred rings 
is proviih'd hy the spiro eompoimds XIV nn*l X\ . In tlireet competition 
the jiyrrolidiniurn and pi(>eridiniuin rincs ajijw-ar ahout cciiinlly n-actnc, 
giving XVI and XVII in eipial amount sA’ 



XV 


\ATieii an a methyl group is available, elimination occurs -with loss of a 
hydrogen atom on the methyl group of the five-membered ring. Attack 
at the methyl group might be expected, but the marked preference for 
the one attached to the pjTTolidinium ring is surprising/^ 

Elimination reactions in the octahydroindole scries afford some inter- 
esting examples. cw-Octahydroindole is cleaved between the six- 
membered ring and the nitrogen atom, but the position of the double bond 
was not determined because the product was identified by reduction to 
X,X-dimethyl-^-c 5 *clohexylethylamine.®® With the 2-methyl compound, 

** Ladenburg, Ann., 247, 1 (188S). 

*• von Braun and Teuffert, Brr., 61, 1902 (1028). 

*' E. R. Buchman, private communication. 

Sargent, Buchman, and Farquhar, J, Am. Chem. Soc., 64, 2692 (1942). 

•• King, Bovey, 3Iason, and "WTiitehcad, J". Chtm. Soc.^ 1953, 250. 
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<cu) (wanttOBtcr) 

hoT\ever, cleavage occurs within the five-membered ring, pres.umably by 
attack at the methyl group, although again the position of the double 



bond was not established.’* The stereochemistry of cw-octahydroindole 
should be similar to that of eis-hydrindane, and the nitrogen atom can be 



located on an axial bond of the cyclohexane ring where it is tram to 
neighboring axial hydrogen atoms. However, in trons-oetohydromdole 
the nitrogen atom is probably in the equatorial position and no hy^gen 
atom in the cyclohexane ring is coplanar with it. One of the hj-drogen 
atoms on the heterocyclic ring is removed, and the product is tmns- 

N.X-dimethyl-S-vinylcyclohexylamme.” 



2,3-Dihydroindole and hexahydrocarbazole react normally Nvithcle • S 

of the five-membered ring to give ortho-substituted denvat.ves of 

dimethylaniline.” 

’• Fujise. Sci Paptrt InM Fkyt Chfm. Bitmth (raljra). 8. 185 (19-7) CAf" 

W. n, 993{192S) 

'* Booth «nd King. J. Chtm, Soe^ 1958. SMS 
" Booth. King, nnd Pamck. J. CltTM.Sor^ 195S, *301 
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CH 3 CH 3 



Piperidinium compounds should exist mainly in the chair form ana- 
logous to cyclohexane, and in this situation equatorial hydrogen atoms 
at the P position are coplanar with the bond between the a carbon atom 



and the nitrogen atom.®^ The ring is opened smoothly by the Hofmann 
procedure, although if the process is continued to the diene an allyUc 
shift occurs and 1,3-pentadiene (piperylene) is the product.® When 



a-methylpiperidine is subjected to Hofmann exhaustive methylation, the 
first elimination is toward the methyl group and in the second step iso* 
merization does not occur, so that 1,5-hexadiene (biallyl) is obtained.’® 



Some indication of the ease of opening of the piperidine ring in relation to 
elimination of simple alkyl groups is provided by the observation that 
H-ethyl-H-methylpiperidinium hydroxide yields 71% of ethylene and 
18% of open-chain amine while the N-propyl, H-butyl, N-hexyl, and 


” llerling, Ann., 284, 310 (1891). 
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N-octyl compounds give about the statistical ratio of 2 : 1 for ring opening 
versus loss of the alkyl group.’* 



CHa CaHs 


0 

I 


+ CHa — CHa 


(71® 




0 

Cfij 


(18® 


Q 


CHa CHaCHjR 



+ RCHssCHa (30S) 


0 

<St, '^jCHjR 


(60SS) 


Two cases in ^vhich the Hofmann elimination fails are reported with the 
piperidine derivatives lobelan (XVIII)’*- ’* and lobelanidine (XIX). 


cu, 

ivnf 


c.H.CHoncn, 




ii,cnoHC,n» 


1 

CHa 

XIX 


'• von Braun wid Buchmtn. Brr . 64. MIO <1930 
*• W, eland. Sehopf, end Hermsen, Ano . ***. (1«5)- 

'• Sehopf end Boettcher. Ann.. 449. I (IS26>. 
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Even the diketone corresponding to lobelanidine in which the h3drogen 
atoms /? to the nitrogen atom are especialh’’ acidic does not give a goo 
j'ield in the first step, although once the ring is opened the final elimina- 
tion of the amino group is verj* eas^y.'^ When there is a double bond in 
the piperidine nucleus, as with lobininc (XX), ring opening is extremely 


GeH 

cn, 

XX 

facile:^^ The poor results obtained in the Hofmann elimination reaction 
of a,a‘-disubstituted piperidine compounds has not been explained. 

The tetrahj'droisoquinoline ring is opened especially easil.V b3' the 
Hofmann procedure,®® presumabl3* because it is of the phenethyl type. 
This structural unit occurs commonly in alkaloids, and man3' examples of 
its aetivit3- in the Hofmann reaction are available. One especially mter- 
esting case is afforded b3' certain alkaloids of the protoberberine type XXI 


,COCH, 



•'X 


H.CHOHCH.CHj 



which have a meth3'l group at one benzylic position. WThen the amine is 
converted to the X-methyl quaternary compound, two products are 
obtained and, for simplicity, these can be considered to arise by introduc- 
tion of the X-meth3’l group on one side or the other of the plane of the 
molecule, creating a new asymmetric center at the nitrogen atom. In 
one of the diastereoisomers thus formed, the methyl group of the amino 
group and the one at the benzylic position are cis and, in the other, they 
are irans (XXII and XXIII). In the cj« form the h5-drogen and nitrogen 
atoms are suitably positioned for elimination and reaction occurs to form 
a dibenzazacyclodecene.'” In the trans form the corresponding hydrogen 
atom is not in the correct orientation, so elimination occurs with the other 
P hydrogen atom forming a vinyl group.*® ApparentU- a hydrogen atom 

Wieland and Dragendorff, Ann^ 473, 83 (1929). 

Ber.^ch, Arcfi. Phrirm^ 283, 3G (1950). 



OLEFIXS FROM A3IINES 


34S 



fCH) 


is eliminated from the tertiary rather than the seeondaiy position when 
the stereoclienilstry of the amine aUous a choice. 





The following reactions may be considered illustrations of the principle 
that elimination « ill proceed in such a uay as to jneld a conjugated olefin 
wlien the stereochemistry is suitable. 



SchlitlWr, Hrtr. CAii" .^r#a 


1. IS. I1S3SI. 
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In marked contrast to tetrahydroisoquinolines, tetrahydroqninolininffl 
compounds do not imdergo elimination even tvhen an a methyl group is 
availahle.®®' Instead, the principal reaction is the attack of hydroxide 
ion on the X-methyl groups to form methanol. This is a common side 
reaction in the Hofinann procedure. It occurs to some extent with most 



compounds, but here it becomes the sole reaction. It seems unlikely that 
the e6ect is steric since both cis- and /ron-s-decahydroquinoline react to 




(posit 332 cf the 

ga g grtais) 

•’ SchSpC Scnmidt, end Breim, Btr., 64. 653 (1931). 

'Witiop. J. Am. Chtm. 5<Kr., 71, 2539 (1949). 

“ Feer and Koenigs, Bor., 18, 23SS (1SS5). 

“ MoUer. Ann.. 242, 313 (1SS7). 
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give ring opening by cleaTage between the cyclohexyl ring and the nitrogen 
atom.’®" ** 

A number of bicyclie compounds with nitrogen as the bridging atom 
have been opened successfully by the Hofmann method. Tropidine,** 
granatanine,** and pavine** may be mentioned as examples of this tj’pe. 


OH® 


Trepidin« meth«>iydroitS« (SOO 



ra<thohy4nni4« 


The example of pa vine is especially interesting because the second step, 
which should yield a derivative of dibeiucyelooctatetroene, does not 
proceed normally but results in replacement of the amine function by a 
hydroxyl group. Yet the dihydro derivative reacts normally to form a 
dibenzcyclooctatriene,” and a moclel system without the four methoxyl 
groups gives dibenzcyclobetatetrnene in “satisractory yield.*’ 

•• Fuj.se. S^i. Vaptf, l»>t (T-Oy.). 9, »l (1929) [CA»»i. Zt^.. 

89.11. 2339 (I92S)] 

Mcrhng. Dtr., 24, S103 (1891). 

•• WilUiAit«r <m.l Wrainlh. Frr.. 40. »7 (l»07b 

” Witlig, C»»m . 63, 13 n»5l). 
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Many compounds which have the nitrogen atom at a bridgehead 
been degraded by the Hofmann procedure. Quinuclidine®® and - 
azabicyclo[2.2.11heptane89 do not afford olefins in good yield; the main 
products are the recovered amines. Alkaloids containing pyrrolizi me, 
quinolizidine, and other fused ring systems with a nitrogen atom at t e 
ring juncture have been degraded successfully. Several examples are to 
be found in Tatle XVIII. 


The Hofmann Rule 

As a means of summarizing the previous information, the extent to 
which different types of ammonium compounds adhere to a general rule 
for elimination will be considered. A simple expression of the Hofmann 
rule wiU be used, as follows: “In elimination reactions of ammonium 
compounds the hydrogen atom is removed most readily if it is located on 
a CH 3 group, next from RCH^, and least readily from RjCH.” 

With simple aUcyl groups this rule holds, although the difference 
between RCHj and RjCH is not striking and is largely a matter of the 
number of /S hydrogen atoms. If R is phenyl, vinyl, carbonyl, or a similar 
group, the rule does not hold. 

With alicyclic compounds containing an external methyl group in the 
appropriate position, the rule seems to hold. Within the ring, the 
necessity of having the a min o group and hydrogen atom trans to each 
other is most important. Given trmis hydrogen atoms in both jS positions, 
the hydrogen atom is eliminated from the RgCH groups; thus the rule is 
not followed. Whenever possible, a conjugated olefin will be formed. 

Comparable generalizations may be made for heterocyclic compounds. 

The Hofmann Rule as expressed here applies only to alkyl groups ^vitb- 
out unsaturated functions attached directly to the fi carbon atom. 
Compounds containing bulky, highly branched alkyl groups may not 
react according to the prediction of the rule. 

Application of the Hofmann rule depends on the assumption, which is 
usually valid, that the ratio of olefins formed in the elimination is deter- 
mined by the relative rates of the competing reactions which lead to the 
different olefins and that, once formed, they do not equilibrate. Since 

“ Lukei. Strouf, and Ferics, CoUedim Cachotlov. Chtm. Commune., 22, 1173 (1957). 

•’ Lakes, Strouf, and Ferlea, CoUedion Cztchotlov. Chem. Commune., 24, 212 (1959). 
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the ratio of styrene to ethylene, for example, obtained in the Hofmann 
elimination reaction of ethjl phenethyl quaternary bases is verj’ lar^e, 
the rate of formation of 8 t 3 Tene is ranch greater than the rate of formation 
of ethj lene. It would be expect that decomposition of a salt containing 
a phenethyl group would occur at a lower temperature than the decom- 
position of a compound containing only alkjl groups, and that in general 
the case with which elimination reactions occur will be dependent on the 
substituents in the ammonium compound. Indeed, quaternary salts 
bearing only alkyl substituentsusuallydecomposeslowlj’ifat all in boiling 
aqueous solution, but reactions of phenethyl compounds and deriyatives 
of tetrahj'droisoquinoline occur readily at steam bath temperatures. 
Quaternary* hydroxides derived from amino ketones are still more 
reactive and decompose rapidly in solution at room temperature or lower. 
In some instances, therefore, the conditions necessary to bring about 
elimination serve as evidence concerning the structure of the quaternary 
compound. 

REACTION WITH DIAMINES 

The Hofmann elimination reaction has not been used widely for the 
synthesis of simple olefins, although cyclopropene,* cyclobutene.** Irans- 
cyclooctene,* and a few other aUcyclic olefins are best prepared in this 
way. In addition, some polyenes ate most easily prepared from diamines 
bj* voy of the quaternary hydroxides. For example. l.lS-diaminodo- 
decane gave l.ll-dodecndjene in 65% jneld,*> and similar dienes have 
been prepared in fair yield by this method. The interesting derivative of 
dimethylenecyclobutene XXIV was prepared from a diamine. **• •* and a 



•» Roberts and Sauer. /. .4m. CAem 5 p*., 71. 3925 (1949). 

\on Braun and Anton, Brr . 64. 2965 (1931). 

•• Bloiuquiat and >fem'ii-ald. J. Am Cirm. Soc . 79. 531T (1937). 
•• Blomquut and Meinwald. J .4 m. CJkm. Boe . W, 667 (1959). 
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nnmber of alkaloids, e.g., of the bisbenzylisoqninoline type such a® 
dauricine (XXV) are degraded, at both functions simnltaneonsly in good 
■cield.^ If the amino groups are sufficiently close together in the mole- 
cule, a conjugated olefin is usually produced. Thus l.o-pentanediandne 
gives 1,3-pentadiene, not 1,4-pentadiene.-® 

SIDE RE.4GnONS: ADEVLATIONS BY QU-A.TERNARY 
COMPOUNDS 

Alcohol Formation 

The most common process that competes ■svith elimination when a 
quaternary ammonium compound reacts with hydroxide ion is a displace- 
ment reaction at the a: carbon atom. Unlike the exch an ge reaction of 
a hydrogen atoms, which does not interfere with elimination, attack sl 
the 5c carbon atom by hydroxide ion forms an alcohol and a tertiary amme, 
which are usually stable products under the reaction conditions. Thi= 
side reaction may be important. In a few cases (tetrahydroquinoline, 
pavinemethine) the formation of an alcohol and a tertiary amine is the 
only reaction reported. 

Attack at the x carbon atom by hydroxide ion is apparently a bimole- 
cular displacement reaction with most compounds, although this is not 
the only possible mechanism.^®* ^ A unimolecular reaction which does 



’• Xir-Ita. trji CVto, CS, SIS (ISSS). 

»= Ar.~., ass, £T 3 ( 1911 ). 

8:=^ PaU:2. J. Cr.rr\. S-oc^ €T. 

^ PJtrsA trid J. ISSO, 2TT0. 

•* Perkin and Rcbinjcti, J. S>z-, 115, &13 <X515). 
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not require hydroxide ion has been demonstrated to occur ^ith certain 
benzylamines having methoiyl substituents in the nng.*® This is an 
exceptional case in ■which the carbonium ion would be especially well 
stabilized, but in most instances a nucleophile is required. The following 
examples illustrate this tj'pe of reaction with hydroxide and methoxide 
ions. It is interesting that the benzyl group does not have this high 
reactivity when it is part of a heterocycDc ring, the dihj-droisoindolium 
derivative XX\T reacts mainly at the methyl groups.“i 
There is no way to avoid completely the side reaction which forms an 
alcohol, because the rate of this displacement and the rate of the elimina- 
tion vary uith hydroxide concentration in the same way. If anions less 
basic than hydroxide or alkoxide, such as acetate, phenoxide or carbonate, 
are used, the displacement reaction becomes more important. For this 
reason solutions of quaternary hydroxides should be protected from 
carbon dioxide and should always be concentrated under reduced pressure 
rather than in an open vessel.*" If no benzyl or allyl groups are attached 
to the nitrogen atom, most of the attack on carbon will occur at the methyl 
groups to regenerate the original tertiary amine. Thus the starting 
RN(CH,),®on© — RN(Cn,), + CH.OU 
material is not lost, and it may be remethjlated and the degradation 


•• Sl«dm»n *nd Bargfr. J. Chtm Sof, 1Z7. Z47 (19Z5). 
Hughes »nd Ingold, J. CAem .Sot., 1933, 39. 


Frinkel. Brr, S3, 280S (1900). 
••• von Bnun, Teuffert, »nd Weias 


sbMh. .a«i^.472.1SI (19J9). 
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repeated. Since attack at the methyl group does not afiect the bond 
between the alkyl group and the nitrogen atom, the regenerated amine is 
not changed in stereochemical configuration. 


Ethers and Epoxides 

In addition to the alkylation of hydroxide ions by the quaternary 
compounds to form an alcohol, other hydroxyl groups maj' be alkylated 
to produce ethers. This reaction is the predominant one when /? amino 
alcohols are subjected to the Hofmann elimination procedure and leads 
to the formation of epoxides. Examples of this reaction are collected in 

OH O 

i / \ 

R,C— CH— B B,C CHB -f -f HjO 

! 

K(CH,)sOH 

e e 

Table XI, p. 389. As would be expected from the general nature of the 
reaction, trimethylamine is displaced with inversion at the carbon atom 
to which it was attached. Thus the quaternary hj'droxide prepared from 
ephedrine gives <mns-/3-methyIstyTene oxide and the quaternary h}*droxide 


OH 


C 6 H 5 


CH 3 

H 


N(CH3)3 


CbH; 




H 




\ 


H CH 3 

ftnjnsJ 


from pseudoephedrine jields the cis oxide.^®* Also, the erythro and fhreo 
forms of 1 ,2-diphenylethanolamine yield irons- and cia-stilbene oxides 
respectively.*®* The stereochemistry of the molecule may preclude the 
formation of an oxide by this process as in the case of cis- 2 -dimethylamino- 
cyclohexanol. When the methohydroxide of this compound is heated, 
the main products are recovered amino alcohol and its methyl ether; no 
cyclohexeno oxide is obtained. The methyl ether may be produced by 
intramolecular alkylation.*®- With ca'clic ft amino alcohols containing 
twelve-, thirteen- and sixtoen-mcmbered rincs in which the substituents 
can assume a Irons conformation, the cts amino alcohol vields the Irons 

Witknp *ii.i Foltr, J. .-Im. Chrm. So'.. 79. 1ST (1557). 

Unix- dntl UaD- ii-'.-ly-n. K'r., 43, ssi (1510). 

*** A- C. O’fK', K. -1. Cirnn*'*,:. nnd ,1. to la- j,ij),li‘l,.-.l. 
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oxide and the Irons amino aleoliol the eis oxide.*®* Compounds with the 


a"“ .-a"" 

X(ClI,hOHO NiCHg), 

e 

(fU) 


-a: 


hydroxyl group farther removed from the nitrogen atom may also give 
oxygen-containing hetcrocyclcs. Thus the quaternary hydroxide from 
isomethndol (XXV’II) gives a derivative of tetrahydrofuran in good 
yield.*®* 


(cji.hc— cnoiic,n» 

cir— cn,N(Cii,),®oii© — 

I 

CII, 

N.XVII 


(C,IIj)»C CII— C,IIs 

I \ 

o 

i / 

CII— CII, 

I 

CII, 


Compounds containing phenolic and enolic hydroxyl groups also are 
Alkylated Internally to give cyclic products if the hydroxyl and ammo 
groups are in suitable proximity. The following examples illustrate this 

reaction. 



(CeHjljC— c— CH2CH3 

CH2CH2N(CH3)3®0H® 


I >> 

CH,— CH, 


In order to avoid their alkylation by the quaternary base, phenolic 
hydroxyl groups are commonly converted to methyl or ethyl ethers before 

*" SvobcU »nd Siohoe, Co;f«/ion CjwAorfo* <7A«i. Com-IBM . 83, 1510 (1938). 

*" Easton and Fish. J Am Chtm Sec, 77, 2M7 (19SS) 

Eapopon and Lavigne, .Itn Chen See , 75, 6329 (1953). 

Enaton. Nelson. Fish. andCraig.^ Am Ciem Sec . 75. 3751 (1933). 
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application of the Hofmann elimination reaction. ^Vhen the stereo- 
chemistry is not favorable or when elimination is facilitated by structural 
factors, the alkjdation reaction is not important. 


CtHsCHsCHCHjOH ->■ C«H5CH==CHCH20H 

i(CH3)3©OHS 



(ref. 110) 


(ref. Ill) 


The alcohols that are often formed as by-products in the Hofmann 
procedure may themselves be alkylated by the mireacted quaternary 
compound to produce ethers. Small amounts of such products have been 
observed in several instances and may have been overlooked in others. 



Groups other than the oxygen-containing ones described above might 
be alkylated by quaternary ions, but compounds with structures suitable 
for testing such reactions have not been studied. There are a few 
examples in which the products are most easily explained by assuming 
alkj’lation of carbon b^- the quaternary' nitrogen. 


S 

(CH3)3 >'CH,CHjC(CO,C 3H5). 

I 

OHS XHCOCH3 


CH, CO-C.Hs 

\ / " 
c 

/ \ 

CH. XHCOCH, 


(CHjljXCH.CH.CtCO.C.Hj), 

9 1 

OC.Hj CH.CeH. 


CH. 


CH. 


/ 
C 


CO.C.H. 


CII.CjHs 


(ref. 112) 


(refs. 113-113) 


Kamr nnd Horlachtr, H»7r. Chim. AcUi, 5, 571 (1922). 

Stork. Wtiplc. and Mukharji. Am. Ctt'm.So'.. 75, 3197 (1953). 
Kindt rknocht imd Kiemann. J. Am. Chtm. .Soe., 73, 4259 (1951). 
Inprold nnd Kocrrx. J. Ch'm. Soc., 1935 722. 

J. Orj. 21, 540 (1950). 

J. Ory. Chfm.^ 22, 350 0957). 
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An unusual alkylation on nitrogen is reported with the alkaloid gelse- 
mine and its dihydro and octahydro derivatives.***- *** 





A few p amino alcohols have been observed to undergo a cleavage 
reaction instead of elimination or epoxide formation. This reaction is 
illustrated with quinine Avith the formulation suggested by Turner and 
Woodward.*** Narcotine undergoes an analogous reaction.**® 



ISOMERIZATION OF OLEFINS FORMED 
The Hofmann elimination reaction often leads to the formation of an 
olehn which is not the most stable isomer. For instance, at temperatures 
below 200° almost any terminal olefin is less stable than an isomeric non- 
terminal olefin. However, the olefins from the Hofmann elimination are 
obtained free of isomerized products except «hen there is the possibility 
of an allylic shift of a proton that vould move the double bond into 
conjugation with another unsalurated sj-stem. Several examples of this 


— 11«D( 

Prelo 
*'• Lo>f 

PrpM, New 


?ood. Manon, end Schwere, Hdv.Chm A€ta. 35, 8J» (1952). 
ig. Patrick, and Wiikop, Hrfr. C»n» 85. «40 <I852J. 

II. Pepinaky, and Wilson. TilraStdnn Letttrt. So 4. p 1. 19S9 
er and Woodwani. in Manake and Holmca. Tht AUnh>d>. tol 
' York. 1953. pp. 9 10 

•n«. Creighton, Cordon, and MacNieol, Chtm. Soc.. 1988. 3193 
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tj-pe have been mentioned, for instance, formation of piperj'lene and 
pirvlene. The reaction of the meth3'leriecyclabutane derivative XXV HI 
provides another instance of such an isomerizationl^^ 

•CH.XtCHjbOHS CH, 

50 % I 


A'XVIII 

In the case of 3 -phem'Ipropjdammonium salts which j'ield trans-l- 
phenj'lpropene, initial reaction to form 3-phen3'lpropene followed bj” 
isomerization has been assumed, and the isomerization of S-phen^"!- 
propene has been shown to occur rapid]3".^*^ The decomposition of 
tran-s-2-phen3’lc3-clohex3ltrimeth3'lammonium h3’droxide to l-phen3'lc3'clo- 
hexene was assumed to involve a similar rearrangement, but it is now 
clear that this reaction proceeds instead 1)3' ci-s elimination.^’ “ 

MOLECULAR REARRANGEMENTS 

Usualh' the Hofmann elimination procedure does not cause a change 
in the carbon skeleton of the molecule. In particular, carbonium- 
t3'pe rearrangements of quatemarx’ ammonium h3-droxides are not 
found even with structures such as XXIX however, see p. 330 .“ With 

(CHjjjCCHCH, — !CHs)3CCH=CH, 

N(CH,j,SOH& 

XXLX 

X-benz3’l derivatives of phenac^Iamines, the Stevens rearrangement is 
observed.^^®’ A similar rearrangement has been observed with the 
spiro quaternary compound XXX'” and ■with similar compounds.^ 


H.C= 



CeHiCOCH^N(CHj)jSOHS CjHsCOCHN{CH,), 

! i 

CaKrio, Parker. Piccolmi, and P.obert=, Am. Chtm. Sor.. 80, 5507 (1958). 
Siem ens. J. Chtm. Soc., 1930, 2107. 

>= Wittiz, Koenig, and Clanss, Ann., 593, 127 (1955). 
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In all these cases the normal eLmination reaction could not occur for 
structural reasons. 

ANALOGOUS ••ONIUM" COMPOUNDS 
Although quaternary ammonium compounds are the only ones uhich 
have been used in degradative and synthetic work, sulfonium hydroxides 
have been studied carefully and have been found to react in a manner 
similar to the ammonium analogs.*** Phosphonium hydroxides usually 
decompose in a different wa3’ to form a hi'drocarbon and a phosphine 
oxide.*** Ammonium compounds rarely decompose in this way, the 
® e 

n.POll-* RH + R,P-»0 

onlj' reported instance being that of the nitrobenzj’Iammomum com- 
pounds which apparently give some nitrotoluene.*** Sulfones also 

NO,C,U4Cfr,N{CH,),NO, — NO,c,H,cn, 

undergo on elimination reaction in the presence of base, although decom- 
position to give 0 paraffin has been observed as well.***' **’ 

C,H,SO,Il KOH — C11,-=CII» + nSO,K + 11,0 

EXPERIMENTAL CONSIDERATIONS 

The Hofmann elimination reaction has usually been conducted by 
heating and concentrating an aqueous solution of the quaternary hj’droxide 
Until decomposition occurs. The base necessary for the reaction is often 
the quaternarj’ h3’droxide itself, and, depending on how much water is 
removed by distillation before the decomposition takes place, the reaction 
nia3’ proceed in aqueous solution or without a solvent. Variations of this 
procedure have been investigated and will be described below ; none of 
them in general has proved more useful than concentrating aqueous 
solutions of the quaternary h3'droxide8 under reduced pressure and raising 
the temperature until elimination occurs. 

NATURE OF THE BASE 

In the preparation of olefins from quaternary ammonium salts, h}-- 
droxide ion usually is the basic anion of choice. Instead of preparing the 

'** IngoU, J^naop, Kuri>»n, and Jlandour, 1933, 533 

Fenton and Ingold. J Chem. Soe . 1929. 2342 

Ing »nd Robinson, J Chtm. Sac . 1928. 1«55. 

Fenton and Ingold, J. Chtm. Soc, 1928, J127 
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quaternary- hydroxide, an alternative way of providing the base is to add 
excess potassium hydroxide to a solution of a quaternary c onae m 
iodide directly and pyrolyze this mixture . This method has mo=t 
often been applied to substances that undergo reaction easily, but n 
studv has been made that would indicate whether better yields are to be 
expected from this method or from pyrolysis of the quaternary hydroxiae 

The concentration of base can be controlled either by regulatii^ the 
concentration of the quaternary hydroxide or by adding excess ba--:e ^ ' 
solution. Since kinetic investigations^— have shosrn that the rate ^ 
reaction is proportional to the concentration of hydroxide ion, tin-; wo 
seem to be one way of c-ontrolling the course of the reaction. Unfortun 
atelv, the most common side reaction, substitution by hydroxide ion to 
form an alcohol, is usually anected in the same way so that the yiel^ ^ 
olefin is not improved by this method. The results in Table IT, obtain 

TABLE rv 


Itecoirposixiox or 200' and 


26 

.VniOSPHZBSS 

FOB 10 

Houes 




Ratio of RliTninBtios. 

Cone, of EX(CHj>jOH 

Decene, °o 

CHjOH, 

% to Displacement 

2% 

8 

14 

0.57 : 1 


2.3 

42 

0.35 : 1 

16% 

29 

49 

0.59 : 1 

Syrap, distilled 

62 

30 

2.1 : 1 


bv c-onducting the reaction for a fixed length of time but at dineren^ 
concentrations, illustrate both the increase in rate and the fixed ratio Oi 
elimination to substitution.^^- However, in very concentrated solution 
this ratio is no longer constant. 

yVhen the efiect of excess base was tested by adding four equivalence o. 
potassium hydroxide to a syrup of the quaternary hydroxide, the results 
as shown in Table V indicated that excess base may favor the elimination 
reaction.’ 

Other basic anions have been tested with ouaternary salts, inclucung 
alkoxides, phenoxides, and carbonates.”' Again, two courses of 
tion are possible, one leading to elimination bv attack at the ^ hydrogen 

llaniie, J. Arr.. Chtm. S'jc., 72, 55 {1550>. 

=2* fcnd J. Arr,. Cljm. S^., C7, SCO tXbiZ). 

Vrxns-A-.tvr. Brr.. 23. 3S3 11S351. 

z=.-i Ber., SS, 1521 {1055). 

^ zzid J, CS—-.. S'j:., iS2Z, 523. 

^ etE Baiil, J. Cr-irr.. S'JU. 1S32, CS. 
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T^UJLE V 


Compound 
© e 
n-C«lI,N(Cnj)50II 
Same + 4KOII 

© 0 

Same + 4KOH 


Decomposjtios op RX{CH,),0II 

Olefin, % CIIjOH, % 

77 12 

81 12 

62 30 

7» 13 


6.4 : 1 
6.7 : 1 

2.1 ; 1 
D.l ! 1 


atom and the other leading to substitution at the a carbon atom. The 
relative importance of these paths is determined by the relative reactivity 
of the anion with a hydrogen atom and an a ^rbon atom. Anions such 


+ B® — B— C— + X— 

I i\ II 

M phenoxide, acetate, carbonate, and halide preferentjally attack carbon 
rather than hydrogen and give much Jess olefin than does hjilroxide ion 
(Table 

T.VBLE VI 

Effect of the Akio.s os the Decojifositios 
OF n-C,H,N(Cn,).X© 

X® Propylene, % CDiX. % 

on® 81 

CO,® 26 

C,1I,0® 15 03 

1© 13 

a® 10 

CH,CO,® ITace 

The alkoxide ions cannot be compared with hydroxide ion in aqueous 
solution, but in two instances neither the methoxide nor the ethoxide 
derivative prepared in the corresponding alcohol led to higher yields 
of olefins than the hj'droxide prepared in water (Table \ II).'” 

An important result of these studies of the effect of various anions has 
been the recognition that carbon dioxide absorbed from the atmosphere 
seriously reduces the yield of olefin.*’- *•* Tiie results of experiments in 
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TARRE VII 


© 

Effect of ^Ilkoxide Ions on the Decoaiposition of RN(CH3)3X^ 
Compound X = OH© X = OCH3© X = OC-Hj® 


0 

CjHjMCHjlj Ethylene, 94% 90% 

s 

•i-CjHsNlCHsls Isobutylene, 03% 57% 


ssro 


rro/ 
00 /o 


•u’hich tlie quatemarj’ hydroxide solution ivas concentrated under reduced 
pressure as compared u-ith concentration on a steam bath in air emphasize 
this point (Table 

TABLE VIII 

e 

DECOJrposmoN of RNTCHjljOH© 

Under Reduced Pressure In Air 


R 

Olefin, % 

Alcohol, % 

Olefin, % 

^Vlcohol, 

n-C^U, 

77 

10 

23 

50 

21 

02 

SO 

25 

72 

n 

82 

Small 

C5 

ca. 20 
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glycerol solution indicates lh<at in general this solvent lowers the Aueld of 

olefin (Table >®* 

TABLE IX 


Ufxosfrosrrros of Ql'aterxaby IU‘ 
I'rec lIjdroAide 

(luafcmarj- Base Olcfln, % Alcohol. % 


n-C,Tr,N{CII,),OIlO 77 10 

0 

n-C„H„N(Cir,),On=* 62 30 



62 Small 


i IS Glycerol 

Glycerol Solution 
Olefin, % Alcohol, % 

17 09 

14 76 

32 49 


In other cases the use of potassium hj’droxide m ethylene glycol’’* or 
sodium cyclohexo.xide in cyclohexanol'*’ is reported to give better yields 
than pyrolysis of the quaternary liydroxide Amyl and isoaniyl alcohol 
also Jiave lieen used’**' *** but seem to offer httJe advantage, 

Because of the effect of the ion-soh'ating power of the medium on 
bimolecular elimination and substitution reactions (ref. 41, p 453), it 
would be expected that the ratio of olefin to alcohol would be increased by 
the use of non.aqueous solvents. This generalization might not be ex- 
pected to extend to the veiy concentrated solutions employed in the usual 
conditions for the Hofmann elimination, and the results available do not 
constitute a fair test of this prediction. From what information is now 
at hand there seems to be little ex'ideiice to recommend the use of a solvent. 


PYROLYSIS OF AMINE OXIDES 

The oxides of tertiary amines decompose when heated to jield an olefin 
plus a derivative of hjdro.xjlajiiine. Examples of this reaction are 
RjCIICIl, — R,0=CR, + (ClIjLNOjr 

I 

O—XICII,), 

reported in the early literntHre,’*®' but the utility of the reaction as a 
means for synthcsiriiig olefins was not einphas-ized until 1949.'« The 

>” Julinn. Me>er. nml rniily. J 4* (’*f m ISoe . 70. 8S7 ( ISW}. 

Mosi'tUK nii't MoilimT. J .Sm. t’JWm. ifuc . 60, S"SS (IBStI 
Cdhu. J CUrw. Svr . 1930. XOi 
lug. J. Chrm. Sof., 1931. S195. 

Wormrk iiii.l Wo!lT.-ii»lo->'. Hrr . SI, IMS (ISIS) 

«“ Slamlork an.l .UH, u.triii. llrr . S3. I*» G»0O) 

'*• Copa, Fosti'r. aii.l TowU'. J. Ant f Arm. i-oe , 71, S919 (1949). 
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method is useful for preparing certain olefins and may also he \iscd for tli 
preparation of Js,N-disubstitutcd derivatives of hydroxylamme. 


H Q 


^NtCHa), 



(threo) 


Cohr,. /» 

)c=c 

CHa 


(ei») 



(crythro) 


CH3\ / 

c=c^ 

CsHg ' 


CHa 


(trans) 


Mechanism 

There is good evidence that the pyrolysis of amine oxides involves cis 
elimination. The evidence has been obtained by the decomposition o 
threo and erythro derivatives of 2-amino-3-phenj’lbutnne.^''^ The 
isomer reacts to give predominantly the cis conjugated olefin, the rabo 
of cis- to tra7W-2-phenyl-2-butene being at least 400 to 1. 
erythro form the trans isomer is favored by a ratio of at least 20 to 1 • 
threo form, reacting through a transition state that involves less sterio 
interaction than does the transition state for the erythro isomer, reacts 
more readily than the erythro form. There are several examples of pyr° 
lysis of alicyclic amines oxides which show the cis nature of the elimination 
reaction. This evidence establishes an intramolecular mechanism m 
volving a planar, five-membered cyclic transition state. The pyrolysis 
of amine oxides accordingly resembles the Chugaev reaction and t e 
pyrolysis of esters. 


R,C 


i CHo 

1-^ H 

H iN(CH3)2 
K_0^ 


R2C=CH2 + (CH3)2N0H 


A few examples of a low-temperature decomposition of amine oxides 
have been described which may be base catalyzed. Salts of amine oxides 


Cram and McCarty, J. Am. CJiem. Soc., 76, 6740 (1054). 
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derived from ^-aminopropionlc esters or nitriles undergo the reaction, 
which has been described as a reversal of the Michael addition, facilitated 
by the formal positive charge on nitrogen.*** 

R,KCH,CH,CO,C,II, R,N'OU -f- CII,=cnC0,C,H, 

I (DOS Isolated) 

O 

DIRECTION OF ELIMINATION 

Acj'clic Amines 

A' ith simple alkyl-substituted amine oxides the direction of elimination 
seems to be governed almost entirely by the number of hydrogen atoms 
at the various p positions. The marked preference for attack at a 
itiethyl group in the Hofmann reaction finds no parallel in the amina 
oxide decomposition. Table X gives the ease of elimination of some 
alkyl groups relative to ethyl groups.** 


T.LBLE X 

RcLATiti'E Ease or ELniix.wioN op .\lkyi Orovp as Oletin 


Alkyl Group 
Ethyl 
Isopropyl 
t-Butyl 
«-Propfl 
n-Butyl 
Isoamyl 
n-Decyl 
Isobutyl 
I’henethyl 


Not Corrected for Number Corrected for Number of 
of $ Ilydrogeo Atoms Uydrogen Atoms 


100 

201 

000 

00 

go 

70 


100 

132 

202 

so 

120 

lU 


u 133 

7 X 10’ 1.0 X 10* 


Significant variations from the general value of 100 i 30 are shown by 
the f-butyl group and the phenethyl group in which the rehef of steric 
interactions and acidity of the ^hydrogen atom, respectively, are factors 
that favor their elimination as olefins as compared with the ethyl group. 
The data were obtained by analysis of the olefin mixtures obtained by 
pJTolysis of compounds siich as methylethyhsopropylamine oxide and 


C,H, C 

\ / 

X 


CII,=CiI, 

C1I,CH=CII, 


(Cir,),CH o 
’•* Refers. J. Chem. Sec., 1955, 769. 


72.5% 
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can be used to predict the ratio of olefins which would be formed m such a 
reaction. They may be extended to other cases with some sacrifice ot 
accuracy. For example, with the use of the values of 100 and 60 for t e 
ethyl and n-propyl groups respectivelj’, the ratio of isomers ^ 

from the decomposition of dimethyl-sec-butylamine oxide is 6 .o /o 
butene-1 and 37.5% of butene-2. The actual amounts of isomers pro^ 
duced in this decompo-sition are 67.3% of butene-1 and 32.7% of cis- an 
trans-hutene-2.^^ 

CHjCHXHCHa CHjCH=CHCHa -f CH3CHjCH=CH2 

'1 

NiCHa), 

I 

Y 

o 

Use of the values for phenethyl and ethyl, and their application to the 
decomposition of 2-amino-3-phenylbutane, leads to the prediction t 
97% of 2-phenyl-2-but€ne and 3% of 3-phenyl-l-butene will be formed, 
whereas the actual results are 92—93% and /-8%, respectively. For 
many purposes such predictions would be sufficiently accurate. 

CVHjCH— CHCH, C,HjC==CHCHj -f CeH5CHCH=CH2 

I i I I 

CHj NfCHjij CH, CHj 


Addition of unsymmetrical secondary amines (RR'NH) to a,^-un- 
saturated carbonyl compounds, followed by conversion of the product to 
an amine oxide and decomposition, provides a method for prepanng 
unsymmetrical dialkyUiydroxylamines (RR'XOH).^^ 


NCHjCHjCOCjHs - 


CH2=CHCOCeH3 

(not isolated) 


\ 

NCH.CHjCOjR 

/i 

R' O 


CH2==CHCOjE 
(not Isolated) 


In general, Avith. acyclic amines tvliicli could undergo elimination forming 
either a ci^ or a irans olefin, the more stable trans form is obtained. Thus 
XjIC-dimethyl-3-pentylamine oxide gives 86% of 2-pentene vhich con^=l^= 
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of 20.2% of eis- and 70.8% of /njiw-2-pcn(cne. P^Toh-sis of X,X- 
d!methyl-2-ljutyl.imine o.’fidoforra9 9I% of a mixture of Mutene (07.3%) 
and 2-butenc (33.7%). The 2-butene contains 35.8% of the eis isomer 
and 01.2% of the Irans isomer.** Presumably the more stable trans 
olefins are formed because the sferic factors which operate to influence the 
rel.ativc stabilities of the olefins also operate in the transition states 
leading to the«e olefins. 




\ 



AHcyclic Amines 

With alicyclic amines the pjToIj'sis has been sho\m to follow the pattern 
of eta elimination in the case of menthyl and neomenthyl compounds and 
with eia- and /nina-2-phenylcyclohexylamine.‘«- Xeomenthylamine 






OimeUiylaMmeiiUiyUmia* oxide 


(OS) 


’** Cop* «nd Bunigardji*r. J. Am Chrm. Soe, 79, 960 (1957). 
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has only the cis hydrogen atom at the 2 position available and oiJy 2- 
menthene is formed, v^hereas menthylamine has cz. hydrogen joms 
the 2 and 4 positions and both menthenes are isolated. The p 
for 2-menthene in the latter instance has been explained in terms o 
eclipsing of the isopropyl group in the 4 position with ^he hy 
in the 3 position that is required in the cyclic transition state e 
takes this path.^® _ . oro/ 

PjTolysis of <rorM-2-phenylcyclohexyldimethylamine oxide gi 
of 1-phenylcyclohexene and 15% of 3-phenylcyclohexene, showmg 
preference for elimination toward phenyl than is observed in an acJ 
case. With the cis amine oxide, an olefin mixture containing ^ /o 
3-phenylcyclohexene and 2% of 1-phenylcyclohexene was obteine^ ^ 
The small amount of 1-phenylcyclohexene may have been forme ro 
small amount of trans amine in the starting material ; it is not forme y 
isomerization since 3-phenylcyclohexene does not isomerize un er 



0-^N(CH3)j 

<ri<) 

reaction conditions. Cycloheptyl- and cyclooctyl-dimethylamine oxide 
yield cis -cycloheptene and cfs-cyclooctene,® respectively, and cis-cyclo 
6cten-3-yldimethylaniine oxide yields cis-cis-l,3-cyclo6ctadiene.®° How 
ever, cyclonon5d- and cyclodecyl-dimethylamine oxides form the trans 
olefins almost exclusively.®® The thermal decompositions of cyclodecy 
acetate and xanthate also form principally trans-cyclodecene.^'*® 

’ When an exoc3'clic branch in which the double bond may be formed is 
present, product stability parallels the direction of elimination, except m 
the cyclohexyl compounds. The examples below show the results with 
such amines.®^ Preference for the formation of the endocyclic double 


»■ Blomquist and Goldstein, J. .dm. CArm. Soc., 77, 1001 (1955). 
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bond in the cyclopentyl and cydoheptyl systems may simply be a reflec- 
tion in the transition state of the greater stability of endocyclic olefins. 




P7S*> 


0 ?* 


cr" 





O^CH. 


With the cyclohexyl derivatire, honerer, elimination to form an endo- 
cyclic olefin through a planar fire-mem bered transition state would require 
the ring to bend toward a more nearly planar, cyclohexene-like structure. 
This would introduce eclipsed interactions between the groups at the 


o 



1. 2. 3. and 6 positions which are not present in cyclohexene. Elimination 
toward the methyl group will not change the geometry of the cyclohexane 
ring if the double bond character of the transition state is not great. 
This effect may be unimportant with the cyclopentyl compound because 
the ring is already nearly planar and there would be little additional inter- 
action introduced by endocyclic elimmaUon. Because the geometries of 
the cydoheptyl and cycloheptenyl ^ema are less well known than those 
of the smaller rings, these arguments cannot be extended with certainty to 
the seven-membered ring at present. 
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Heterocyclic Amines 

Pvrolj'sis of N-methylpiperidme oxide does not result in ring openiUc- 
However, the seven- and eight-membered C 3 'clic amines do undergo rm^ 
opening in 53% and 79% yield, respectively,^*' Presumably, 
azacj'cloalkanes containing larger rings, the ring sj’stem would a ®o 
sufficiently flexible to permit the formation of the cyclic transition sta e 
and elimination vith ring opening should occoir. X-Methyl-a-pipeco e 
oxide, which contains a six-membered ring, reacts to give a mixture o 
the unsaturated hydroxylamine and the saturated bicyclic compoun 
XXXI.w' Only the Irans isomer forms these products: the cis isomer 
does not undergo the elimination reaction. X-3Iethyl- and X-et y ^ 
tetrahydroquinoline oxide are reported to yield tetrahydroquinoline p a- 
formaldehj'de and acetaldehj'de, respectively.*** 



(trans) 



XXXI 



Side Reactions 

One of the most attractive features of the synthesis of olefins by pyrO' 
h-sis of amine oxides is the stabilitj- of the product under the reaction 
conditions. iCgration of the double bond into conjugation vith other 
unsaturated sj-stems in the molecule is not observed in the first two 
examples given below. 

CH,=CHCH,CH,CH,N(CH,), -2Ll> C'H.==CHCH,CH=CH2 
i * 

y 

o 

C,Hs,CH-CH=CHj 

Y 

o 

However, the dimethj-lenecyclobutane formed by pj-rol^vsis of the amine 
oxide XXXII contains a small amount of the conjugated isomer,'"* nnd 
in a similar .series of cyclobutane derivatives (XXXIII) having phenyl 
**■ Ii* L J. .Vor-, E2 iin 

DrxioTjav, /J^n. J.4, (1044 j [0^4,. 39, 4CI2 
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substituents the olefin mixture produced contains equal parts of the 
isomers XXXIV’ and XXXW‘» 


□ 

— cn,X(cii,), 

1 

0 

Cll^ 

□ 

cir,= 



C.ll, 


t 


— + 

,xtcir,), I =cn, c.h,- 


-cir,X(Cir,), c,n,- 

-cn,x 

i 


If an allyl or a benzyl group Is attached to the nitrogen atom of an 
amine oxide, these groups may rearrange from nitrogen to oxygen with 
the formation of O-substituted hydroxylammes, Apparently this 


R 


\ Z' \ 

N -* xocii,c,n, 

/ \ / 

cii, cir. 


process can compete favorably with elimination since allyldiethylsmine 
oxide and. benzyldiethylamine oxide as well as cycloocten-3-yldimethyl- 
amine oxide give considerable amounts of the rearranged products.***- *® 


Or 


O 


(t9X> 


cir, =ciicii, X(C,u,), -► (C,n,),NOcn,cii=CH, + CH,=cn, 


“* Dlomquut »nd M«inw»ld. AbtfracU, AjC.S ilttltMg, April 1958, 77 N. 
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In the case of benzyldietlij-lamine oxide the normal product XXXI 
expected from elimination of eth 3 'lene was isolated in 34% j’ield as we 
as products which may arise by alkylation of XXXVI bj' the amine 
oxide.^^^ The conversion of dihj’drothebainonedihydromethine oxide to 

OH O 

/ /• 

CsHjCHjN -b C.HiCHjN 

\ \ 

C,Hj (CiHs)j 

xxxn 

OCHjCjHs 

CjHjCH.N^ -r (C.Hsl.XOS 

■ \ 

CiHs 


thebenone^^o illustrates the formation of a heterocycle by this alkylation 
process. The formal similarity between amine oxides and quaternary 
salts 'has been suggested earlier, and the use of the latter as alkylating 
agents is well known. 




Commonly a small amount of tertiary amine is recovered from the 
pyrolysis of the amine oxide.'*^> isi 

An unexplained side reaction is involved in the pyrolvsis of n-propyl* 
isoamylmethylamine oxide where the pentene fraction (55.9%) was found 
to contain 49.1% of 3-methyl-l-butene and two unexpected products, 
11-2 /a of 2-methyl-2-butene and 1% of 2-methvl-l-butene.®*’ Isoamylene 
was not isomeiized tmder the reaction conditions, and the starting amine 
must have been pure since it reacted by the Hofinanh elimination to give 
pure 3-methyl-l-butene. 

Bentky, Ball, and Binge, J. Chem.Soc., 1956, 1963. 

Cope and Ciganek, Org. S’jnlhetet, 39, 40 (1959). 
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DECOMPOSITION OF AMINE PHOSPHATES 
A third method of converting an amine to an olefin involves the distil- 
lation of the amine from crystalline phosphoric acid. This method vas 
discovered and developed to some extent by Harries,***- *** but apparently 
it has found little use in other laboratories. Most of the amines Harries 
investigated were derivatives of cyclohexylamine related to various 
teipenes,*®*- *** and in several instances a diamine was used to prepare a 
diene in one step. The yields rarely exceeded 60%, and since the method 
apparently does not lend itself to the degradation of heterocyclic amines 
(which has been the main use of the Hofmann ehmination reaction) it has 
received little attention. Formally, this method is similar to the dehy- 
dration of alcohols with phosphoric acid, but it is not possible at present 
to determine how closely this analogj' applies. Primary amines may be 
used directly; apparently secondary and tertiary amines have not been 

investigated. 



DECOMPOSITION OF ACVL DERIVATIVES OF AMINES 
A few olefins have been obtained by heating N-acyl omines with phos- 
phorus pentoxide in boiling xylene. This method apparently was 
discovered in the study of colchicine, and it is the method of choice m 
converting N-acetylcoIchinol methyl ether to denminocolchinol methyl 
ether.*** Since the reaction seemed novel, it was investigated by Cook 
and applied to some simpler amines such as diphenylethylamine and 



N-Acetytcalchino) methyl ether 


■ Harrie*, £er„ 84, 300 (1901) 

HftrriM and Johnson, Ber . 33. 1*JS (I»0S)- 
H»mas and Antoni. Aa».. 828. 8S (IWJ). 

Harries. Anti.. 323 . 32 S ( 1903 ). ^ ....... 

”• Cool:. Graham, (gotten. Lapsley. and Lawiwice. J. Cirai. IH*. * — 
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cyclohcxylamine.'^' In the latter case acetonitrile was isolated, and this 
is presumabh' the fate of the acyl group in other instances as iveu. 
reaction is an extension to the N-alkyl amides of the dehydration of amides 
to nitriles. In this respect it is of interest that the reverse reaction, 



1^^ -i- CH^CX 


addition of an olefin to a nitrile, has been observed with a number o 
reactive olefins in the presence of sulfuric acid.^^ The N-alkyl amides 
obtained in this way were observed to undergo decomposition to an olefin 
on acid hj'drolj'sis if the X-alkjd group was tertiary. 


(CHjbCXHCOCH, 


H,0, H® 
>■ 


(CH5)jC=CHj -f CHjCOjH -h 


From the results at hand it would seem that this type of decomposition 
depends strongly on the degree of branching of the N-alkyl group. 
Ethj'l- and X-n-propyl-acetaraide are reported to yield no olefin; 
cyclohexylacetamide gives cyclohexene when treated with phosphorus 
pentoxide in boiling xylene;*®' and N-tertiary alkyl acetamides form 
olefln-s when boiled with 15% h5'drochloric acid.*®® 

The use of phosphorus pentoxide in xjdene for the degradation of aroidea 
involves reaction conditions identical with those often employed in the 
Bischler-Xapieralsld s3Tithesis of dihj'droisoquinolines.*®® With a pm 
perly constituted amine this type of reaction may be observed. 
example, the acetji derivative of l,3-diphen3'l-2-aminopropane (Xi-XFII) 
gives some of the dihydroisoquinoline (XXXVIII) as well as 1,3-diphenyl- 
propene;*®* and the colchinol analog (XXXIX) undergoes ring closure 
exclusively .*=* (See formulas on p. 373.) 

W^ith the exception of the studj* bv Cook and one application to ^ 
derivative of colchicine,*®® the preparation of olefins from X-acyl amines 
has not been studied in detail, and it is not possible to make any general 
statement concerning the scope or mechanism of the reaction. 

The acetjd derivatives of amines have been pj’rolyzed to olefins in the 
absence of phosphorus pentoxide by using temperatures of 500-600 .* 
Olefins were obtained in 14—67% conversion bj' one passage through the 
heated column. Better yields were obtained using an X-phenyl-X-alkvl 
derivative of acetamide than with compounds in which the aromatic 


m and Loudon, J. Ch-.m. Sac., 1949, 1074. 

otter and llinieri, J, Am. Chcm.Soc.. 70, 4045 119481 
Z Or,. near4.W. 6, 75 (1951). 

II. o Fanta. J. Am. Chtm. Sac., 88, 502 (1946). 

Bailey and Bird, J. Org. Chcm., 23, 996 (1858). 
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XXXIX 


group was replaced by a methyl group or a hydrogen atom. In the cases 
reported, the direction of elimination was similar to that observed in the 
pyrol3r8i8 of esters. 


Olehns can be prepared from quaternary salts by treatment inth 
phenyllithium in ether, potassium amide in liquid ammonia, or other 
strong bases.**' **> i6*-im These reoctions involve nn yhde intermediate 
and may yield a product which differs from that obtained by the usual 
Hofmann procedure. For example, the ratio of Irons- to cis-cyclo6ctene 

is5.7 : Iwhen the mixture is preparedfromcyclooctjltrimethylammonium 

bromide and potassium amide'»» but 1.5 • I when it is prepared from the 
quaternary hydroxide.* In .-i variant of this method the ylide is generated 
^y treatment of a halomefhji quaternary derivative with phenyllithium. 
This process presumably involves halogen-metal interchange.'** 


RN(CII,)5Cn,X BN(CII,I,C1 I,Lj -I- C.H^X 

Cj-clohesylmeth 3 -ltrimethylanjmonium bromide containing deuterium 
ftt the ^.position gave methylenecyclohexane free of deuterium, and 

“* W'iltig and PoUt^r. -Inn . 599. 1 » (1*56) 

W.ttig and Pol,(,r. Ann . 612, 102 (195S). 

"• Rabiant and Wittig. Butt. toe. rktm Fnntt, 1957, 79S. 
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trimethylamine which contained all the deuterium originallj present, 
thus confirming the postulated mechanism. 





However, the reaction of ethyltrimethylamraonium bromide la e 
with tritium at an3’- of the positions in the ethyl group or in the met V 
group showed extensive proton exchange among these positions w 
treated with phenj-llithium.^ 

The composition of the products obtained from a quatemaiy salt may 
depend on whether potassium amide in liquid ammom'a or phenyllithmm 
in ether is used.^“ . , 

Two cases are reported in which treatment of a quaternary 
sodium amide in liquid ammonia forms cjmlopropyl derivatives. 
these instances the y-hydrogen atom is benzylic. In other instances 


CH. 

/ 

C,HiCHjCHjCHjN(CH,)jBr-* HjCeCH 

\ 

CH. 

reaction of sodium amide in ammonia with quaternary bromides produced 
olefins. 


COMPARISON OF METHODS 

Of the four ways discussed for bringing about the conversion of an 
amine to an olefin it is obvious that the Hofmann exhaustive methylation 
procedure has been most extensively studied. As long as there is a p 
hydrogen atom in the quatemaiy base, the Hofmann method will almost 
always give some olefin, the important competing reaction being displace 
ment to form an alcohol. The amine oxide method offers some advantage^ 
in experimental ease and usuallj’ does not cause isomerization of the 
olefin. However, the fact that it does not open the common nitrogen 
containing rings is a limitation on its use as a tool in alkaloid investigations' 
In some instances the amine oxide method mav lead to a geometri 
isomer of the olefin different from that obtained from the quaternary 
hydroxide. 

The pjTolyses of amines or their X-acyl derivatives in the presence of 
phosphoric acid have received so little attention that it is difficult to assess 

Cope and X. A. LeBal, tinpnblished results. 

- Bumgardner, CTiem. dr /nd. {London), 1S5S, 155S. 
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their utility. It is questionable whether heterocyclic amines would form 
olefins by these methods. As a method ofpreparing an olefin from a given 
primary amine, these reactions avoid the alkylation and subsequent 
procedures common to the Hofmann and amine oxide pyrolyses which 
may compensate for the somewhat lower yields obtained. (Olefin iso- 
merization would be expected under the acidic reaction conditions 
employed.) 

If the amine elimination reactions are considered as methods of de- 
gradation rather than syntheses, then the Hofmann reaction is the most 
useful, since it is most generally applicable. In this field there are two 
other methods which may accomplish the same sort of cleavage The 
von Braun cyanogen bromide reaction*** will open heterocyclic rings, but 
the relative reactivities of various groups differ from those observed in the 
exhaustive methylation procedure since attack at the « carbon atom 
rather than at the ^ hydrogen atom is involved Jlethyl groups, for 
example, are readily removed and other substituents with no ^ hj'drogen 
atoms may be cleaved. Reductive deavage and especially the Emde 
reduction of quaternary salts to an amine and a hydrocarbon is the other 
general method.”’- ”» However, this process does not usually succeed 
Unless the group to be removed is of the benzyhc or allylic type. Lithium 
aluminum hydride may be used to reduce a quaternary salt to a tertiary 
amine and, with this reagent, alkyl groups may be removed from the 
nitrogen atom,”*. In alkaloid degradations the Emde reduction 

may be used to remove theamino group from compounds of the tetrahj’dro- 
isoqulnoline type after a Hofmann step. Of course, this final cleavage 
cannot be accomplished by the Hofmann method. As the three methods 



degradation are complementary rather than competitive in 
mstanees, it is meaningless to discuss their relative utility. 


H.geman. Org 7, ISS {1953) 

K»nner «nci Murray. J. Chtm. Sac . 1950. 406 
Emde, U,h CAim. Ada. 15, 1330 (1932) 

Gajlord, Btdudion mth Complex J/rfoI HpdnJe*. Intern 
Pp. 781-789 

Cope. Ciganek. rieckenstein, and Mewinger, J. Am. C*e» 
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EXPERIMENTAL CONDITIONS AND PROCEDURES 

The fuUj' alkylated amine required in the Hofmahn and amine oxide 
procedures can be prepal'ed in several ways. It is not our purpose here to 
include a comprehensive survey of methods of alkylation;* hut to indicate 
the more commonly used techniques. In the application of the Hofmann 
reaction to alkaloids, methyl iodide has most often been used to prepare 
the tertiary amine and then the quaternary iodide in one teaction. For 
sjmthetic purposes, especiallj' where a primary amine is to he degraded; 
there may he considerable advantage in using the formaldehyde-formic 
acid procedure'^^ to prepare the tertiary amine. Other reagents that 
haVe been used to alkylate amines to obtain quaternary compounds for 
use in the Hofmann elimination reaction include dimethyl sulfate,®^ 
methyl p'toluenesulfonate,’^’^ ethyl chloroacetate,’"^ and trimethylox= 
oUium fl.uoborate’^'^. 

To prepare the quaternary' salt from a tertiary amine, the alkyl haUdes 
or sulfates are useful. Most commonly', methyd iodide has been used. 
Although there is no difficulty in preparing quaternary iodides with methyl 

R3N + R'X RjR'NX 

iodide, it might be pointed out that the general reaction (cf. refs. 37, 175, 
176) does not always proceed easUy. Ethy'l acetate and methyl ethyl 
ketone have proved to be useful solvents in cases where equilibration of 
the quaternary halide vith the various possible tertiary amines and alkyd 
halides is to be avoided. When dimetliy'l sulfate is used, only one methyl 
group is transferred to nitrogen per mole of sulfate, so that the salt formed 

e 9 

is a quaternary methosulfate, R 4 ls(S 04 CH 3 ). 

The quaternary hy'droxide may be prepared from the iodide by usmg a 
base such as silver oxide that forms an insoluble iodide. This method 
suffers from the expense of the reagent and in some instances from the 
oxidizing power of silver salts in basic solution, but it is still most generally 
used. Thallous hy'droxide may be used to obviate the oxidation effect, 
if not the cost of the silver salt."®- If the quaternary methosulfate 

is used, it may be hydrolyzed to the sulfate and then converted to the 
hydroxide with barium hydroxide.®^ Perhaps the most promising method 

♦ For such a surv'cy see J. Goercleler in Houben-\VeyI, Methodtn der organischen Chemie 
4th ed., Vol- XI, part 2, Georg Thieme, Stuttgart, 1958. 

iloore. Organic Reactions, 5, 301 (1947). 

RejTiolds and Kenyon, J. Am. Chem. Soe., 72, 1597 (1950). 

Read and Hendry, Rer., 71, 2544 (1938). 

^leerwein, Battenberg, Told, Pfeil, and Willfang, J. praJu, Chem., 154, 83 (1940). 

Hey and Ingold, J. Chem. Soc., 1933, 66. 

Hughes, J'. Chem. Soc., 1933, 75. 

von Bruchhaascn, Oberembt, and Feldhaus, vlnn., 507, 144 (1933). 
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of effecting tlie exchange of hydroxide ion for halide ion with a sensitive 
compound is the use of a basic ion exchange resin.’'®- The solutions 
obtained in this way are more dilute than those formed by otlier methods, 
and the apparatus takes longer to assemble, bht this procedure seems to 
ovoid most of the objectionable features of the precipitation methods. 

Once the quaternary hydroxide has been prepared, the clear aqueous 
solution is decomposed directly. Depending on the ease with i^hich the 
elimination reaction occurs, this may be accomplished hj' warming on a 
steam bath or by distillation at higher temperatures. The most recent 
practice seems to be to remove most of the water under reduced pressure 
with gentle heating. If decomposition does not occur during this process, 
the residual syrup or solid is heated in an oil bath under reduced pressure 
until it does decompose. This should rarely require a temperature as 
high as 200°. With some difficult decompositions very low pressures 
have been used to advantage,*’*'**® but m general pressures readily 
attained with an oil pump or water aspirator have proved satisfactory. 
The importance of excluding carbon dioxide has been pointed out, and the 
early practice of concentrating the basic solution by allowing it to evapor- 
ate in an open vessel should not be employed. 

In many instances the quaternary salt has not been converted to the 
hydroxide, but instead has been treated directly with excess base and then 
pyrolyzed. Usually, 10-20% aqueous sodium or potassium hydroxide 
has been used and the solution heated on a steam bath until decomposition 
seems to be complete. Not all compounds will decompose under such 
mild conditions, but, from a consideration of the compounds with which 
this method is useful, it appears that when more drastic conditions have 
been necdM the previously described techruque of preparing the quater- 
nary hydroxide has been employed However, decompositions of quater- 
nary iodides by direct treatment with excess base have been carried out 
at temperatures up to 250°,’ and the method may be quite generally 
applicable. With amines of high molecular weiglit the quaternar}’ iodide 
may have » very low solubility, and it may be useful to prepare the quater- 
nary chloride instead in order to obtam its solution in the basic reaction 
medium. This can be accomplished by digesting the iodide with 
freshly precipitated silver chloride.’**'*** 

Isolation of Products. Because of the great differences in physical 
properties of the olefins formed in the Hofmann degradation it is not 

>’• W-einsfocl. .nd Bookclhride, / Am Citm Sor . 75. 2S«6 (1953} 

”• Small and Lutz, y.. 4 m OAtm Soc . 5«. I7S8 {1M4) 

SpSIh and Tharrar, Btr . 66. m (1993) 

Gadamar and Sawai. .drfA. p/Mn» , gSt, 401 (1926). 

••• \on Bruch)iBuspn ai.d Slippkr. Ant Ftarm.ttS, 152 (1927) 

•“ Ghost-. Krishna and Schh(t)CT. title Chm. Aeta, 17. 919 |193*) 
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possible to describe a method of isolation that ■will applj* to all cases. 
Decomposition of the water-soluble quaternary base gives rise to olefins 
and amines that are usually less soluble and which may distil, steam 
distil, or remain as a residue, depending on the conditions of the pjTolysis. 
XJsuallv some of the quaternary base ■will undergo displacement to re- 
generate the original tertiary amine, which "wilt then be present as a con- 
taminant. If the olefinic product is non-basic an easy separation is 
possible, but if nitrogen is retained in this portion of the molecule, as is 
the case when the original a min e was heterocj'chc, the problem of separ- 
ating these amines may result. Faced with this situation, many investi- 
gators have simply remethylated the crude product and repeated the 
degradation until a nitrogen-free product was obtained. If it is necessary 
to separate the mixture of tertiary amines, this usually is achieved by 
taking advantage of a difference in solubility of the amines themselves or 
of one of their salts. 

It is frequently possible for the degradation to yield a mixture of 
isomeric unsaturated amines. Furthermore, aUylic rearrangement of the 
double bond may give rise to stiU more isomers. If several steps are to be 
carried out consecutively, the mixtures obtained add to the experimental 
difficulties. In such a case, the problem is simplified by hydrogenating 
the product after each step until the amino group is removed. Of course, 
less information about the structure of the original amine is obtained by 
this procedure, but the number of steps required to remove the amino 
group may stUl be used to determine its situation in the original compoimd. 

In the investigation of alkaloids it is of interest to know when trimethyl- 
amine has been evolved during a pyrolysis. Usually the odor or a test 
■srith moistened htmus paper is sufficient indication of the liberation of an 
amine. When the decomposition is carried out under reduced pressure, 
the a min e may be trapped in a receiver cooled in solid carbon dioxide or 
liquid nitrogen or in a trap containing acid.^- Occasionally dimethyl- 
amine is eliminated in a decomposition and, if the amines are collected in a 
trap contaming hydrochloric acid, the melting point of the hydrochloride 
serves to distinguish between trimethylamine and dimethylamine. IVhen 
different tertiary amines may be formed, the mixture may be trapped and 
separated by the methods described in ref. 184 or analcwed by gas chro- 
matographv.®^ 

Preparation of Amine Oxides. Tertiary amines may be c-onverted 
to the corresponding oxides by the use of 35° q aqueous hydrogen peroxide 
in water or methanol solution at room temperatme. Since the oxidation 
of the amine at room temperature may be a slow process, it is convenient 
to follow the conversion by spot tests with phenolphthalein ; the amine 

Schrj-ver and Lw?. J. Cr.m. 79, 553 (ISOl). 
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oxides are not sufficiently basic to give a color test with this reagent.* 
The excess peroxide must be completely destroyed before pyrolysis to 
avoid the danger of explosion during concentration; this destruction is 
nccomplushcd by the addition of platinum black* or of catalase.*** The 
decomposition of the excess peroxide can be followed by periodic tests 
with lead sulfide paper, which is whitened immediately by hydrogen 
peroxide in low concentrations but not by solutions of amine oxides.' 
Amines such as tri-n-propylamine and those with larger alkyl groups are 
converted to the oxides with hydrogen peroxide very slowly, and stronger 
reagents such as 40% jieroxyacetic acid*** or monoperoxyphthalic acid*‘* 
are used for their oxidation. 

The solution of amine oxide is concentrated under reduced pressure to a 
syrup which is then pjTolj’zed by heating in an oil bath. The isolation 
procedure is essentially the same ns w'ould be used after the Hofmann 
decomposition. In a few coses, in which the ammo group is attached to a 
tertiary carbon atom or the p carbon atom is highly branched, the ebmina- 
tion may occur spontaneously during oxidation of the amine *** 

Phosphoric Acid Deamination. The examples of this reaction 
which have been found (see Table XII. p. 391) are almost entirely those 
reported by Harries, The experimental procedures were not described 
in detail, and the reaction is largely unexplored In many of the cases 
investigated by Harries a dihydrobenzene derivative was isolated and, 
perhaps for this reason, the decompositions were carried out in a carbon 
dioxide atmosphere. 

In cases in which the N-substItuted acetamide was heated with phos- 
phorus pentoxide it was necessary first to prepare the acyl derivative of 
the amine. The usual methods of acylating amines with acid chlorides, 
anhydrides, etc , will not be reviewed here. 

It Is also possible to prepare the desired amides by treating an alcohol 
with acetonitrile, benzonitnle, or other nitrUes under acidic conditions.*®* 
However, if the starting material to be converted to an olefin is an alcohol, 
probably one of the usual dehydration procedures would be more suitable. 

To bring about decomposition, the amide is heated mth an excess of 
phosphorus pentoxide in boiling xylene The number of examples of the 
procedure is so small that variations in this technique are untested. 

Cycloheptyltrlmethylammonlum Iodide. Alkylation with 
Methyl Iodide.*** A solution ofG6 g. of cycloheptylamine hydrochloride 
in 400 ml. of methanol is prepared in a large round-bottomed flask fitted 
w ith an efficient reflux condenser and two dropping funnels. The solution 

••• Cope »nd L©». J. Am. Chtm. Soe., 79. 9W (ISSTJ. 

A. C. Cop^. F. M. Acton, and B A Pike, unpubliahed wort 
Willstltwr, Ann.. 817, 201 (1901) 
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is cooled in ice -vvater until the theoretical quantities of reactants have been 
added in a manner to be described, and then for one additional hour. 
One hundred grams of a solution of potassium hydroxide (25% by weight) 
in methanol is added through one funnel and 126 g. of a 50% solution of 
metlnd iodide in methanol through the other. "WTien the reaction mixture 
becomes neutral or acid to litmus, the same quantities of base and methyl 
iodide are added. This procedure is repeated until 300 g. of potassium 
hvdro.xide solution and 378 g. of methyl iodide solution have been added. 
After the mixture has warmed to room temperature, an additional 100 g. 
of methjd iodide is added and 140-150 g. of potassium hydroxide solution 
is added slowly in small portions until the reaction mixture is neutral. 

The methanol is removed by distillation from a steam bath, and the 
methiodide is precipitated by the addition of concentrated sodium 
h 3 ’’droxide solution. The product is collected by filtration and washed 
with a mixture of water, methanol, and acetone. The dried product 
weighs 119 g. (95%). It maj"^ be purified by extraction with chloroform or 
acetone in a Soxhlet apparatus, or it may be recrystallLzed from acetone 
(a large quantitj' of solvent is required because of the low solubility of the 
iodide in boiling acetone). 

n-Propyltrimethylammonium Iodide.®’ Alkylation of Tri- 
methylamine, Thirtj’^ milliliters of a 25% solution of trimethjdamine in 
absolute methanol is added to 17.2 g. of n-propjd iodide in a glass-stop- 
pered 125-ml. Erlenmej’er flask. The mixture is cooled in ice for one hour 
and allowed to stand at room temperature overnight. The solution is 
then warmed on a steam bath until the trimethjdamine is driven off 
(odor) ; then 65 ml. of ethjd acetate is added, and the mixture is heated to 
boiling. On cooling, large needles separate and are collected by filtration, 
washed with cold ethyl acetate, and dried. The yield of w-propyltri- 
methjdammonium iodide melting at 192.0-192.5° is 22 g. (96%). 

Di-n-butjddiisoamylammonium Iodide.®’ Alkylation of a 
Hindered Amine. A solution of 19.9 g. (0.1 mole) of isoamjddi-n- 
butjdamine, 19.8 g. (0.1 mole) of isoamyl iodide, and 25 ml. of methjd 
ethjd ketone is heated under slow reflux for eighteen hours. The white 
cr\-stals that separate when the solution is cooled are collected, washed 
■(vith pure solvent, and dried. The j-ield of crude material melting at 
117.0-119.5° is 25 g. Addition of 50 ml. of dry ether to the filtrate pre- 
cipitates an additional 3 g. of product. The fractions are combined and 
recrj-stallized from ethj-1 acetate, jiel'ding 25 g. (63%) of material melting 
at 120.0-120.5°. 

Preparation of Silver Oxide.’®® A solution of one part bj* weicht 
of silver nitrate in 10 parts of water is heated to S5° on a steam bath and 

*** Helferich and Klein, ,-4nn., 450, 219 (1926), 
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treated with an equally warm solution of 0 23 part by weight of pure 
sodium hydroxide in 10 parts of water. The precipitated oxide is washed 
by decantation with 5 portions of hot water. Tliis freshly precipitated 
oxide may be used ns such. For pure, cfry' silver oxide, the precipitate is 
suspended in 5 parts of absolute ethanol, collected on a hardened filter 
paper, and washed several times with ethanol. The product is dried in 
air and then in a desiccator over phosphorus pentoxide. 

Di-n-butyldllsoamylammoniuin Hydroxide.” Use of Silver 
Oxide. A solution of 6g. (0.015 mole) of dj-n-butyldiisoaniylammonium 
iodide in -10 ml. of wafer and 5 ml. ofmethanol is shaken for one hour with 
thoroughly washed silver oxide prepared as described above from 5.1 g. 
(0.03 mole) of silver nitrate. The mixture is filtered as rapidly as possible 
with suction, nnd the filtrate is standardized acidimetrically. 

Decomposition of Di-n-ButyIdiisoamylammonium Hydroxide.” 
A 100-ml. pear-slinped flask, fitted with a capillary nitrogen inlet tube, 
containing 52 ml. (0.0111 mole) of the quaternary hydroxide solution 
prepared as described above is connected by large-diameter tubing to a 
condenser set for distillation. The condenser leads to a train of two 
125-ml. gas.washing bottles containing 20 ml. of 3*V hydrochloric acid, a 
drying tube, a trap cooled in liquid nitrogen, and finally to ft mercury 
bubbler. The system is swept with nitrogen for thirty minutes, and then 
the flask is immersed m an oil bath at 85*’ and the temperature raised to 
176®. At the latter temperature most of the water will have distilled into 
the first wash bottle. \Vhen the temperature is raised to 200®, vigorous 
decomposition sets in as evidenced by frothing in the flask, the appearance 
of oil in the condenser, and a rapid increase in the flow of gas through the 
wash bottles Decomposition is complete in twenty minutes. The 
system is swept with nitrogen nnd the trap is closed and weighed The 
olefin weighs 0.G3I g. (04%) and consists of 67% butylene and 33% 
isoamylene ns shown by mass spectral analysis. 

1-Hexene. Methylation with Dimethyl Sulfate and Decomposi- 
tion of the Sulfate.*^ One mole of w-hexylamine is suspended in 9 moles 
of a 25% solution of sodium hydroxide in water and shaken for a short 
time with 4 moles of dimethyl sulfate, whicli is added in small portions 
with cooling. The quaternary salt appears as o thick oil floating on the 
solution and is separated in a separatory funnel The oil may be crystal- 
lized by solution m cliloroform and precipitation with ether, however, 
the crude product may be used directly for decomposition. 

Tlie oily quaternary s.ilt is dissolved in 1.5 moles of 20®'o sulfuric acid 
solution and heated for one and one-haW to two hours under redux The 
solution is cooled and treated with a slight excess of barium hydroxide 
solution, and the precipitate of barium sulfate is removed by filtration. 
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The filtrate is concentrated under reduced pressure at 50°, 4 moles of a 
50% solution of potassium hydroxide is added, and the solution is distUled. 
The distillate is placed in a separatory funnel and the aqueous layer 
removed. The oily mixtirre of olefin and amine is washed with dilute 
sulfuric acid, and the olefin is collected by distillation after being washed 
and dried. The entire fraction (60%) boils at 66° and is pure 1-hexene. 
The amine recovered from the acid washing amoimts to 20% of the starting 
material. 

In general, 1 mole of dimethyl sulfate and 2 moles of base per mole of 
dimethyl sulfate are required for each meth5’l group to be introduced. In 
addition, an excess of dimeth3’l sulfate is usuall3* emplo3^ed ; the procedure 
above uses a one molar excess of alkylating agent and a one molar excess 
of base over that required by the 2 ; 1 ratio. 

des-N-Methylaph3'lline.is® Decomposition of a Quaternary 
Hydroxide under Reduced Pressure. Ten grams of aph3^11ine meth- 
iodide is dissolved in water and treated with the freshl3' precipitated silver 
oxide prepared from 5 g. of silver nitrate. The mixture is allowed to 
stand for twenty -four hours, and the precipitate is removed b3' filtration 
and washed -with hot water. The combined filtrates are concentrated 
on a water bath at 6-15 mm. The “des” base separates from solution as 
white needles during this process. The mixture is heated on a water bath 
for one hour to complete the Hofmann elimination reaction. The material 
in the flask is taken up in ether, dried over potassium carbonate, and the 
ether is removed b3' distillation, leaving 5.5 g. (82%) of an oil that solidi- 
fies on cooling. The “des” base is purified b3' recr3’stallLzation from 
petroleum ether and is obtained as colorless needles, m.p. 113-115°. 

Dih3'dro-des-N-dimethylc\'tisine.’^ Decomposition Followed 
by H3'drogenation. Seventeen grams of meth3ic3'tisine raethiodide is 
dissolved in water and digested with exce.ss silver oxide. The precipitate 
is collected b3' filtration, washed with hot water, and the combined filtrate 
and washings are concentrated under rc-duced pressure. The solution of 
quaternary Irase is transferred to a In'drogenation flask, palladium on 
charcoal catah’st is added, and the mixture is fiu-ther concentrated under 
reduced pressure to the consi.stenc3' of a .s3Tup. The flask i.s then immersed 
in water at 80-90° for ten minutes to complete the decomposition, and the 
reaction mixture i.s diluted with cold water and h3-drogenated at once. 

Wien uptake of hydrogen hn.s ceased (500 ml.), the catalvst is removed 
by filtration, washed well, and the solution i.s extracted with four portion.s 
of chloroform. The aqueous portion i.s concentrated, heated, and lydro- 
genated once again (uptake 150 ml. of hx'drogen) in the manner de-crilx^d. 

*'* Or*-r5iofr M'-n^hikofT, Jlrr., 65, <!&32>. 

*** ftrj'l Gftlinovnky, Jirr,, 65, I52C (1022). 
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The catalyst is npain removed, and the solntion is extracted with chloro- 
form. The comhinesl extracts arc distilled, finally at 1 /i pressure. 
Dihy«lro-des.N’-dimethj Icythinc (5 A p.) collects as a viscous oil at an air 
bath temperature of loO-lCO* at 1 /i pressure. From the aqueous portion 
of the extracts fl.l p. of undecomposed starting material is recovered so 
that the j-icld of product (lucsed on materia! not recovered) is "2%. 

Decomposition of Cyclopropyltrlmcthylammonlum Hydroxide. 
Hijih Temperature Decomposition.* A pjTolj-sis tube is made by 
sealing one end of a piece of 30-mra. I’yTex tubing 12 cm. in length. The 
open end is constricte<I to hold a small tuo-hole stopper containing a gas 
inlet tube and a short-stemmed dropping funnel. A condenser made from 
8-mm. Vyiex tubing is sealed to the aide of the pjTolysis tube 8 cm. from 
the bottom, and the closwl end of the pyrolysis tube js lined with a layer 
of 20% platinize<l asbestos 3 mm. thick. The condenser is attached to a 
100-ml. receiver, in scries with which arc a 100-ml. spiral gas washing 
bottle containing 3.Y liydrochloric acid and a gasometer containing a 
saturated solution of sodium chloride After concentrating a solution of 
the quaternary hydroxide (prepared from 22.7 g. (0.1 mole) of cyclo- 
propyltrimethylammonium iodide) under reduced pressure at 40° in a 
nitrogen-filled apparatus, the pyrolysis tube is swept with carbon dioxide 
and heated to 320-330*. The concentrated solution of the quaternary 
hydroxide is drop{>cd into the pyrolysis tube under a positive pressure of 
30 cm. of water over a period of ten to twelve minutes. The gas collected 
amounts to 1 w hich can be comerted to 8.0-0.5 g. of eyclopropene 

dibromIde, h.p. 57-5S°/50 mm., m-p. —I to -fl*, nf? 1.5360, dj* 2.0S38. 
Some dimethylcyclopropylamine may be recovered from the hydrochloric 
acid wash bottle. Bromination of the gas also forms 1.6-2.0g of a 
tetrabromide, indicating the presence of some methylacetylene in the 
pjTolysis product. 

l-BenzoyI- 7 -proplonylbcptatrJene.«» Decomposition of a p 
mino Ketone. An ethereal solution of lobinamne is treated with an 
excels of methyl iodide and allowed to stand for two days. The solvent 
is decanted from the precipitated methiodide, which is then washed irith 

C,n,CCH,k.,^.^ClI,CCH,CH, 

1 

cn, 

o 

— c,ir,ccn,cii=cncn=cncH=CHcocir,CH, + (cn,),XH 
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ether. The methiodide is s^speIlded in water and shaken with ether and 
aqueous sodium bicarbonate. Dimethylamine is evolved, and the ether 
layer becomes intensely j-ellow in color. The laj'ers are separated, and the 
ether layer is washed with O.liV’’ hydrochloric acid, water, and dried over 
calcium chloride. The ether is removed by distillation, leaving a yellow- 
brown crystalline residue which is recrystallized from ligroin as dark- 
yellow crystals, m.p. 81-82'. 

N-Uramidohomomeroquinene.^^® Decomposition of a Quater- 
nary Iodide with Excess Base. X-Acetyl-lO-trimethylammoniumdi- 
hydrohomomeroquinene ethyl ester iodide (1.4.5 g.) is taken up in an 
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equal quantity of water and heated in a platinum or nickel crucible ivith 
vigorous stirring mth 2.5 ml. of a solution of 5 g. of sodium hydroxide in 
4 ml. of water. Vigorous evolution of trimethylamine commences at 
140'. The temperature is gradually raised to 16.5-180' while .stirring is 
continued and water is added from time to time to replace that lost by 
evaporation. When the evolution of amine has cea,sed (one-half to one 
hour), the mixture is allowed to cool and the exce.«s base is removed with 
a pijKjtte from the upper layer of product, which is a light-tan .solid or 
semisolid material. The latter i.s taken up in 3 ml. of water, neutralized 
to litmus with concentrated hydrochloric acid, and decolorized vfth Xorit. 

The carbon is removed by filtration and the filtrate treated with 0.35 g. 
of potassium cyanate in a small quantity of water. The solution is heated 
on a .steam bath for thirty minutes, then aeidified with concentrated 
hydrochloric acid to Congo Red wliile hot. X-Uramidohomomoroquinene 
(0.30 g., 3.8®o) ciy.stallizes from the solution when cooled as .“mall shining 
prisms, m.p. 103-164' dec. 
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(lialloiis innkps the precipitate of barium sulfate more easily re- 

mnvwl l>y filtnition. The Milution ii protected from atmospherie carbon 
dioxide during filtration. Tlie clear filtrate is allowed to drop into a 
distilling flask heatetl at 120’ in an cnl l)<tth, whereupon it decomposes at 
once. The prtHlucfs, stjTcne and cyelohcsyldimethylamine, distil with 
fho water and are collectes! in a receiver containing hj'drochloric acid. 
The styrene is extraetcxl from thw mixture with ether and converted to 
the dibromide, giving LO-lg. of this derivative, m.p. 72’. 

frjnj-I,2»Octolin.‘*' Use of SiUer Sulfate and Darlum Hy- 
droxide. Twenty. five gmm^ of tniM-a-deealyltrimethylammonium 
loilide is disHolveil in water and treated with 13 g. of silver sulfate. The 
precipit.ateil silver iwlide and undissolrcd silver sulfate are removed by 
filtration. The silver remaining in solution is precipitated with hydrogen 
sulfide, and the exces.s hydrogen sulfide is expelled with a stream of carbon 
dioxide. Concentratisl Imrium hjdroxide is added clropwise until no 
further precipitation of bantim sulfate an<l carlwnate is observed Finally 
the solution is filtered again anil the quaternary base is concenfrnCccI and 
dccomposcsl by heating in a water l>ath at 3—4 mm. pressure. A jicld of 
•l.lg. (40%) of tmn j-l^l-octAlin is oUlnined, bp. 185®, dl** 0.8970, 
nlf,* 1.48722. 

des-N-Meth>ldlhy(lro-p-er)'throidlnol. Use of an Ion Exchange 
Resin.*’* A solution of I 20 g. of dihydro-^-erythroidinol and 3 ml of 
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methyl iodide in l.'i ml. of methanol is allowed to stand overnight .and is 
then boiled under reflux for one hour. After removal of tlie solvent under 
reducetl pressure, fho residue is taken up in 15 ml. of water and passed 
through an S-min. tube packed to a height of 30 cm. with Amberhte 
IRA-400 (basic form). The column is eluted with 16 ml. of water, and 
the combined cluates are concentrated under reduced pressure. Distilla- 
tion of the residue in a molecular still at 0 03 mm. (pot temperature 
130-150®) gives a viscous oil which is taken up in methanol and treated 
with hexane. This causes separation of 0 9,>g. (78%) of a white solid, 
m.p. 93-97®. Recrjsfallization of this material from hexane gives white 
crystals, m.p. 90-98®. 

•’> Huckel an.I .Vanb. Ann 


. 5K, IS» (1033) 
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Gulariaemethine.^^ Decomposition in Aqueous Solution with 
Added Base. A suspension of 5 g. of cularine in 5 ml. of methanol is 
treated at room temperature -with 4 g. of methjd iodide. The alkaloid 
dissolves readily and the methiodide then slowly separates in colorless 
crystals which melt at 205^^ after recrystallization from hot methanol. 
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The methiodide is dissolved in water, any remaining organic solvent is 
removed by boiling, and a turbidity is removed by filtration. The solu- 
tion (ca. 75 ml.) is then heated for twenty-four hours on a steam bath 
with 10 g. of potassium hydrosdde. The oil that separates is esdracted 
with ether, and the ether is removed, leaving a residue that weighs 5.2 g. 
when dried under reduced pressure. The residue does not crystallize, 
but the picrate crystallizes readily from methanol in pale-yellow needles 
melting sharpl 3 ' at 167°. 

Alethylenecj'clohexane and N,N-Dimethylhydroxylamine 
Hydrochloride.^'^ This Organic Syntheses procedure illustrates the 
standard method used for the preparation and pyroh'sis of amine oxides. 
Methjdenecj’clohexane is obtained in 79-88% yield and X,iS-dimethyl- 
hydroxylamine hydrochloride in 78-90% yield from 0.35 mole of X,X- 
dimethylcyclohexylmeth j'lamine . 

N,N-Dimethylcyclooctylamine Oxide.® A .solution of 5.0 g. (0.032 
mole) of N,X-dimethylcj-clooctylamine in 10 ml. of methanol is cooled 
in an ice bath, and 10.0 g. (0.094 mole) of 3.5% hydrogen peroxide is 
added slowh- (thirtj" minutes). The .solution is allowed to come to room 
temperature and stand for twentr'-six hours, at which time it gives a 
negative spot test for the amine -nith phenolphthalein. The excess 
hydrogen peroxide is decomposed In- stirring the solution with 0.25 g. of 
platinum black for five hours, at which time a drop of the solution fafls to 
whiten lead sulfide paper (negative hydrogen peroxide test). The platinum 
black is separated and the filtrate is concentrated at 10-12 mm. -trith a 
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bath temperature of SfMO®, leaving the amine oxide as a colorless, 
viscous SJTUp. 

Hindered amines or amines of high molecular weight are not con- 
verted to amine oxides by this procedure and should be oxidized with a 
peroxy acid (see p. 379). 

cis-Cyclooctene.* The NJf-dimethylcyclooctylamine oxide described 
above is heated In a nitrogen atmosphere at 10 mm. in a 100-ml. round- 
bottomed flask connected through a short Vigreux column to two traps 
in series, the first cooled with solid carbon dioxide (Dry Ice) and the 
second with liquid nitrogen. The flask is placed in an oil bath and the 
temperature is raised 1-2* per minute; decomposition of the amine 
oxide begins at 100“ and is complete at 120® after twenty-five minutes, at 
whiclj time practically no material remains in the flask. The distillate is 
acidified with dilute hydrochloric acid, and the aqueous layer is frozen by 
cooling with solid carbon dioxide. The layer oft i j-cyclooctene is removed 
with a pipette and distilled through a semimicro column. The yield is 
3.22 g. (00%). b.p. 03" (59 mm.), 1.4084. 

After removal of the eij-cyclooctene, the aqueous hydrochloric acid 
solution is concentrated under reduced pressure, end the residual N,N- 
dimethylhydroxylamine hydrochloride is dried by adding absolute 
ethanol and removing it under reduced pressure. After further drying 
in a vacuum desiccator over potassium hydroxide the N,H-dimethyI- 
h}*droxylamine hydrochloride weighs 2.01 g. (05%), and melts at 100-103" 
(sealed capillary). The melting point is raised to 104.5-106* (sealed 
capillary) by two crystallizations from ethanol-ether. 

TABUUIR SURVEY 

The following tables list examples of epoxides prepared from /S amino 
alcohols (Table XI), and olefins prepared by the pyrolysis of amines in the 
presence of phosphoric acid or phosphorus pentoxide (Table XII), by the 
pyrolj-sis of acetyl derivatives of amines (Table XIII), by the pyrolysis 
of amine oxides (Tables XIV and XV), and by the Hofmann elimination 
reaction (Tables XVI, XVH, and XVHI). The literature through 1957 
has been searched for examples of these reactions and many more recent 
references are included. In each table amines are listed in order of in- 
creasing carbon content of the amine considered to be the parent com- 
pound; within a given carbon content the amines are listed m the order 
primary, secondary, tertiary, and within these divisions in the order 
aliphatic, alicychc, heterocyclic, and polyfunctional. Thus n-hexylamine, 
2.methylpiperidine. and triefhylamine are all located (in the above order) 
under C* in Table XV, with the undcretanding that the compound actually 
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decradcd was the exhaustively methylated quaternary derivative. The 
carbon content of the free amine, not it.s acetyl derivative, is listed in 
Table XJII, and in Table XIV the carbon content of the unmethylated 
amine is listed with the under.st ending that in each case a tertiary amine 
oxide was pyrolyzed. If the preeur.sor of the amine oxide is a tertiary 
amine that does not contain a meth\-l group, the amine is listed separately 
in Table XV with other similarly constituted amines, because the product 
sought in the pyrolysis of such an amine oxide is usually the dialkyl- 
hydroxylamine rather than the olefin. In the tabulation the j'ield of the 
dialkylhydroxylamine is given in these instances. 

The e.xamples of the Hofmann elimination reaction are divided into 
two categories, alkaloids and non-alkaloids. Unfortunately, because of 
the problem of locating examples there are undoubtedly many instances 
of the application of tlris reaction which are not listed. In the tables of 
non-alkaloidal amines {Tables XVI and XVII) the amines are tabulated 
as indicated above. For the alkaloid section (Table X\TII) the Manske 
and Holmes treatise, Tht AlJ:aIoids,'^^- has been used as a guide for 
nomenclature and structure e.xcept (a) for morphine and its derivatives, 
where the conventions of Bentley’s monograph, The Chemistry of the 
Morphine AlkaloidsM^ were used, and (6) where more recent information 
Avas available. Closely related alkaloids are tabulated together under a 
group name Avhich indicates the basic structure such as quinolizidine 
alkaloids, or rvhich names one member of the group, such as the morphine 
alkaloids. Within the table of degradations the group names are in 
alphabetical order and the individual alkaloids are in the same order with- 
in each group. When feasible, a general structural formula is given for the 
whole group. It is to be understood that substituents in the alkaloids 
such as niethoxyl groups are present in the degradation products luiless 
othenrise specified. 

A list of alkaloids in alphabetical order is provided in Table XTX which 
indicates group under which a given alkaloid is listed. In addition there is 
given the page in Table X'iTII on which each group of alkaloids first 
appears. Those alkaloids whose names clearh- indicate their relationships 
to alkaloids listed in Table XIX are not included in that table. Thus 
acetocodeine, bromocodeine, and dihydrocodeine are not listed in Table 
XIX as their relationship to codeine, which is listed, is obvious. 

Manslie and Holmes, The Alkaloids, Academic Pres-=, New York, 1953, 

Bentley, The Chemuiry cj Ihe Morphine Alkaloids, Oxford TTniversitv Press New York, 

1954. 
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and acetylene, ^-hydroxy- 
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” Aq. NaOn. Vinylpheaanlhrent 


HoFsrANN EuanNATioN Reaction with Alkaloids 
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Dorivatlvo Conditions Product liold, % Boferonccs 


438 


ORGAKIC REACTIONS 




OLEFINS FBOSf AMINES 


439 



Salt: UcfeivncM JOl Jo 30i 



iroi''ArANN Ii'r.UriNATtON U.lflA(n’ION WlTIt AniCALOlDS 


440 


ORGAXIC REACTIOXS 
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Reference# 101 to 301 are on pp. 180-403. 
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A'ote; References 101 to 391 are on pp. 183-193. 
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okgAnic reactions 



immedi- 

ately 

dca-N-DimotliyloyliRine Oil Amyl CjjlIajNjOj (bimolecular), 

alcohol, des-aza-cytisino 
reflux 
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N•^fethylg^InaUllino Oil Distil A^-des-Dimethylgranata 



pp. 480-403. 






dimellioxy-8-hydro5 

1,2,3,4-tetrahydro- 
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Substituted heptadiene 
l-Benioyl-T-propionyl- 



pp. 488-103. 





OSO,OCH, Aq. base, 1-Bromomethylmorphe 


OLEFINS FROM AMINES 


467 



Iraliyrlromethlno 0-Methyl 140’’/0.4 0 -Methoxy-i:i-viQyloctahydro- 



Phenolic Aq. base, Metbylisomofphimethine 
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NaOCjlI,, Narcidonc 



pp. 180-403. 
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ORGANIC REACTIONS 



dM-N-Mcthyliaoanhydrodihydrocryptnpino 



OSOjOCn, Base, desi<N''3fctI)yli80(inli7d 
enroll dihydrocrypfopfne 
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ORGAXIC REACTIONS 




Benzene, Ant^yrine methine 



CllaOn, IlemiaphyUidylene 



TAOIil? xvni— Co>i<i»iHCT< 

IIOKMANN rumination lllOACTION WITH Al.ICAI.OIDS 
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ORGAXtC REACTIONS 
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2-0iiflK)sy-B-(lltiwMiyl- 

lunlnocyolohopU'uo 

Ethyl IvjOOj, 2-t!iirboxy-fi-<ltin«thyl- (10 080 

70“ umlmtoyoUihoptoiio 
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ORGANIC REACTIONS 




OLEFINS FROM AMINES 


T.VBLE XrX 

List op ^Vu:\iiO(D9 by Type 

Tlie pawnthcsiwil number loUotdae eftch entry in the second 
column indlcAtca the pnpe in Table XVIII on which each type 
of atlateiii first appears. 


Alkaloid 
Actirjoflaphnino 
Anapyrino 
A n b yd rocryp t op t Q e 
Anolobinc 
Anoriairve 
Aphyllidino 
Aphj-lline 
Apocrysopine 
Annepa% ine 
Ecbeerlne 
Bcfbamine 
Boldine 
Bmcidlno 
Cnnadlnc 
0?p?uieIine 
Cepbaranthine 

Chondodendrlne, $ce Bebeerine 

Cliondrofoline 

OoclsuHne 

Codeine 

Colchinol 

Conhydrine 

Coniine 

Corybulbino 

Corydaline 

Cotnrnine 

Crebnnirto 

Cryptopine 

Cularme 

C-Curarine 

CuscoJiygrine 

Cytisine 

Daphnandrine 

Daphnoiine 

Daiiricine 

Delphinine 

Dicentrino 

Dioscorine 

Ecponidino 

Ecgonino 

Emetine 

Epistephanino 


Listed Under 
Aporphine (433) 

Sparteine (181) 
reotopine (478; 

Aporphine (433) 

Aporphine (433) 

Sparteine (481) 

Sparteine (481) 

Erysotrine (458) 
Benzylisoquinobne (430) 
Bisbenzylisoquinoline-O (442) 
Bisbenzyiieoquinohne-B' (440) 
Aporphine (433) 

Strychnine (483) 
Protoberbcrlne (476) 
Cephaeline (447) 
Bisbeniylisoquinoline-B (438) 

Bisbenzylisoqu(nohne<0 (442) 
Beiuyii^quinolioe (430) 
Morphine (4C6) 

Colchinol (450) 

Coniine (450) 

Coniiae (450) 

Protoberberine (476) 
Protoberberine (478) 
fsoquinolme (463) 

Aporphine (433) 

Protopiae (478) 

Cularine (151) 

C-Cuntnne (451) 

Cuseohygrine (451) 

Cytisine (452) 

Bisbeasylisoquinoline-B (438) 
BisbonsyJisoqmnoline-I} )438) 
Bisbenzylisoquinoline-A (437) 
Delphinine (453) 

Aporphine (433) 

Uioscorine (454) 

Tropane (484) 

Tropane (484) 

CephaeJine (447) 
Bisbenzylisoquinoline-B (438) 
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ORGAKIC REACTIONS 


TABLE yLlS.— Continued 
List of Axeaixiids by Type 

Listed Under 


Alkaloid 

Ergothionene 
Erysotrine 
a-Erythroidine 
j5-Erythroidine 
Eserethole 
Eserine, see Bhysostigmine 
Gelsemine 
Glaucine 
Gramme 
Granatanine 
Harmine 
Hetisine 

Homotrilobine, see Isotrilobine 

Hordenine 

Hydrastinine 

Hypaphorine 

Isochondodendrine 

Isocryptopine cbloride 

Isolobinanine 

Isolupanine, see Oxysparteine 
Isomorphine 

Isotetrandrine, see Pheanthiue 

Isotbebaine 

Isotrilobine 

Labumine 

Laudenine 

Laureline 

Laurotetanine 

Lelobanine 

Lobelanidine 

Lobelanine 

Loblnanine 

Lobinine 

Lobinone, see Lobinanine 

Lnpinine 

Lycorine 

Mavacurine 

Menisarine 

Mcrantbine 

^Morphine 

Xarcidonine 

Xeopine 

XeopTotocuridine 
Oscine, sec Scopoline 
Oxyacanthme 


Ergothionene (454) 
Erysotrine (458) 

Erytbroidine (454) 
Erytbroidine (454) 
Physostigmine (475) 

Gelsemine (460) 

Apoiphine (433) 

Gramine (460) 

Granatanine (461) 

Harmine (461) 

Hetisine (462) 

Hordenine (462) 

Isoquinoline (462) 
Hypaphorine (462) 
Bisbenzylisoquinoline-D (443) 
Protoberberine (476) 

Lobelia Alkaloids (464) 

ilorpbine (466) 

Aporpbine (433) 
Bisbenzylisoquinoline-F (446) 
Labumine (464) 
Benzylisoquinoline (436) 
Aporpbine (433) 

Aporpbine (433) 

Lobelia alkaloids (464) 

Lobelia alkaloids (464) 

Lobelia alkaloids (464) 
Lobelia alkaloids (464) 

Lobelia alkaloids (464) 

Quinolizidine (479) 

Lycorine (465) 

Jlavacurine (466) 
Bisbenzylisoquinoline-E (445) 
Bisbenzylisoqninoline-E (446) 
ilorphine (466) 

Xarcidonine (475) 

Horpbine (466) 
Bisbenzylisoquinoline-D (443) 

Bisbenzylisoquinoline-B (438) 
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TABLE XIX— Coniinwd 
List or jVlkaioios by Type 


Alkaloid 

Oxysparteine 

Fellotino 

I’hpanthlno 

I’hysostlfrmlno 

Protopino 

Psoudocodeino 

Pseudoconhydrino 

Pukatoino 

Rcpandinc 

Scopolioe 

Sparteine 

Stryclinine (dihydrostrj’chnidine-A) 
Tazettino 

Tctrnhydroberberine, Canadine 
Tetrnliydrocrythralin® 

Tetmndrlno 

Thaltctrica\'in® 

Thebalno 
Tbebalzone (a) 

Trilobamlne, ttt DaphnoUno 

TrUoblne 

Tropldlne 

Tropinie acid 

Troplnone 

TubMurarlno chloride 

Tuduranine 

Yohimbine 


Listed Under 
Sparteine (481) 

Isoquinoline (402) 
Bisb«nzylisoquinoline-B' (440) 
Physostigmine (475) 
ppotopme (478) 

Mo^Jhine (406) 

Coniine (450) 

Aporpbine (433) 

Bisbenrylisoquinolinc-B (438) 
Scopoline (480) 

Sparteine (481) 

Strychnine (483) 

Tazettine (483) 

Erysotrine (458) 
Bisbenzyliioqmnoline-B' (440) 
I’rotoberberine (478) 

Morphine (408) 

Morphine (488) 

Bbbeazyhso(p>i“o^*“®'^ (448) 
Tropane (484) 

Tropane (484) 

Tropane (484) 

Bisbenaylisoquinolme-C (442) 
Aporphiae (433) 

Yohimbine (485) 
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